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Vanadium Redox Flow Batteries can enable an increase in the fraction of renewable energy 
sources, such as solar and wind generation in electricity grids around the world. This in turn 
will help to reduce CO2 emissions and begin to combat global warming. Vanadium Redox 
Flow Batteries are a great choice for energy storage as they are non-flammable, with long 
lifecycles of 20 years or more. However, currently the capital cost is too high limiting their 
deployment. The cost of the vanadium electrolyte is dependent on the demand for vanadium 
on the open market, which is dominated by demand for hardened steel. In contrast, improving 
the performance of carbon felt electrodes will lead to an increase in power density of the cells, 
reducing the cell cost.  
Many treatments have been applied to carbon felts, with the aim of improving the inherent 
kinetics, surface area, wettability or conductivity. Typically, improvements in at least one area 
reported, however the source of improvements is not always assigned and often when it is the 
improvement is only qualitative. This is due to the complex and dis-ordered nature of the 
carbon felt electrodes which are typically used. In this work we have used single carbon fiber 
electrodes extracted from carbon felt samples, providing a defined cylindrical geometry and 
enabling quantative analysis of cyclic voltammetry and electrochemical impedance 
spectroscopy.  
Single fiber electrode results were then extended to measurements at carbon felt. Numerical 
simulation of the carbon felt electrode were carried out by approximating the carbon felt as an 
array of cylindrical electrodes, with a specific void distribution. The analysis of the 
experimental results highlighted the importance of the void size distribution and supported the 
finding from single fiber measurements, that there was a rate constant distribution within the 








Cyclic voltammetry of four different carbon fiber electrodes before and after thermal treatment 




  increased 
with thermal treatment. The capacitance of the carbon fiber electrodes also increased 
significantly, indicating that in part the increased kinetic performance was due to an increase 
in the wetted area of the electrodes, likely caused by the formation of pores at the carbon fiber 
surface. However, the magnitude of the apparent rate constant increase was significantly 
different to the increased capacitance at three of the four fiber types tested, indicating that 
functional groups at the surface strongly influence the kinetic performance. 
Thermal treatment of three different felts showed a clear increase in the electrical double layer 
capacitance and physical area measured by BET. Therefore, the surface area and hence 
roughness of the fibers also increased. Cyclic voltammetry of the VO2+ / VO2
+ redox couple 
showed improved kinetics and thus the increase in capacitance was linked to an increase in 
apparent kinetics for the VO2+ / VO2




 , the 
magnitude of the surface area increase was not consistent with the increase in the apparent rate 
constants. Therefore, the presence of different functional groups at the surface alters the 
kinetics of the reaction.  
The apparent rate constants calculated from cyclic voltammetry of carbon felt electrodes were 
validated with half-cell polarization curve and charge / discharge measurements. With very 
close agreement observed between the rate constants calculated from cyclic voltammetry and 
polarization curve measurements. Finally, the charge / discharge measurements demonstrated 
that carbon felts with higher apparent rate constants for the VO2+ / VO2
+ redox couple had 
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 Energy Storage and Renewables 
Renewable-energy sources have become significantly cheaper due to initiatives designed to 
tackle global warming and thus technologies such as solar and wind are being rapidly deployed, 
with 178 GW of renewable energy capacity installed in 2017, accounting for over two-thirds 
of global net electricity capacity growth [1]. The majority of this capacity growth was in the 
form of solar and wind technologies, which only provide power intermittently [2]. It has been 
reported that at high levels of penetration over 20%, these new technologies may destabilise 
electrical grids unless they are accompanied by energy storage [3]. In order to support the 
deployment of renewable electricity generation, highly efficient and cheaper methods of 
storing excess energy and providing power when needed is of critical importance. 
 Current State of Storage Technology 
Many physical and chemical methods for storing electricity exist, however cost has typically 
been a barrier to large scale adoption, limiting the utility of these systems to specific scenarios 
[4]. Properties that are desirable for an economically feasible large-scale energy storage system 
include durability, low capital cost, low maintenance cost, safe design and high round trip 
efficiency. No one technology is likely to be superior in all aspects, but depending on the 
necessary application an optimal combination can be found [3]. 
 Mechanical Energy Storage Technologies 
Mechanical energy storage technologies store energy in the form of potential energy or kinetic 
energy. Pumped hydroelectricity storage (PHES) uses gravitational potential energy, 
compressed air energy storage (CAES) stores energy using elastic potential and flywheel 
energy storage (FES) uses kinetic energy.  
  




 Pumped Hydro Electricity Storage 
PHES is the most mature form of electricity storage, with individual system sizes rated at larger 
than 100 MW power output and over 95 GW of total power capacity installed globally, as of 
2010 [5]. PHES stores electricity in the form of hydraulic potential energy. Pumping water 
from a lower lake into a lake at higher altitude in PHES is analogous to recharging a battery. 
Pumping typically occurs during off-peak periods, when electricity demand and pricing is low. 
Generation is analogous to discharging a battery and occurs during peak periods, when 
electricity demand and pricing is high. Pumping and generating will generally follow a daily 
cycle, reducing the levelised cost of electricity produced. In New Zealand there are no PHES 
dams, however the naturally filled hydro lakes act as a demand buffer on a yearly cycle, 
typically entering winter peak periods full, then slowly emptying over approximately 12 weeks 
[6].  
In New Zealand typically 65% of total electricity production is from hydropower [7], reducing 
the need for new forms of energy storage. However many other countries have a stronger 
imperative to develop and build new forms of energy storage, as only 17% of the world’s 
electricity is produced by hydropower  [8]. 
 Compressed Air Energy Storage 
Compressed air energy storage (CAES) uses air as a storage medium, air is compressed into 
underground caverns by an electrically driven compressor and electricity is then produced 
when the stored compressed air is released, driving a turbine generator. Individual projects are 
capable of storing over 1 GWh of electricity, making it an attractive grid scale energy storage 
option. However, the efficiency of current plants is below 54%, lower than both PHES and 
batteries therefore limiting its use [9].  
  




 Chemical Energy Storage Technologies 
 Lithium-ion Batteries 
Conventional rechargeable lithium-ion batteries; found in cell phones, laptops and increasingly 
vehicles, provide a simple and efficient way to store electricity [10]. Recently large scale 
lithium-ion batteries have been deployed around the world, in particular where improved grid 
reliability is required, such as South Australia, South Korea and California [11]. These batteries 
have higher energy density than any other form of energy storage mentioned in this work, 
except for hydrogen. Higher energy density is desirable for portable applications, but for grid 
storage size is typically not a constraint, thus reducing the comparative advantage usually 
provided by this characteristic.  
 Lead Acid Batteries 
Lead acid batteries are the most common batteries in the world, primarily used as starter 
batteries for internal combustion engine vehicles [4], due the low upfront cost of $175–250 per 
kWh. When used as an energy storage option to improve reliability, this upfront cost advantage 
is eroded due to the relatively short lifetime of 500-800 charge / discharge cycles [12].  
 Redox Flow Batteries 
Flow batteries have been identified as promising technologies for providing large scale energy 
storage to support the increase of renewable electricity generation on the grid or through the 
development of micro-grids [13-15]. Many different variants of redox flow batteries exist, in 
particular all-vanadium, zinc-bromide, iron-vanadium and organic molecule based systems 
[16]. Each variant has underlying characteristics, as a result of the specific chemistry and cell 
design.  
  




Redox flow batteries (RFB) utilise two liquid electrolyte solutions, each containing charge 
carrying compounds, typically in the form of metal ions, the most common form of which is 
the Vanadium Redox Flow Battery (VRFB), (Figure 1.1). 
 
Figure 1.1: Vanadium redox flow battery (VRFB) schematic, adapted from [17].  
In a VRFB, during discharge, V2+ is oxidized to V3+ in the negative electrolyte, with the 
electrons flowing through the external circuit to positive electrode where VO2
+ is reduced to 
VO2+ in the positive electrolyte. While this redox reaction is occurring, hydrogen ions (H+) 
diffuse across the ion exchange membrane, maintaining the charge neutrality and completing 
the circuit. To charge the VRFB, electrical work is provided from an external source; such as 
a renewable generator, in order to oxidise VO2+ to VO2
+ and reduce V3+ to V2+. During charging 
and discharging the charge carriers remain dissolved in the fluid electrolyte. 
  




The electrolytes flow through porous electrodes, typically made from a carbon felt or paper. 
The electrodes are separated by a membrane, often a proton exchange membrane (PEM) such 
as Nafion. This allows protons to pass through, but limits cross-over of the charge carriers that 
store the energy. In order to charge and discharge the stored electrolytes they must be pumped 
from the tanks through the electrodes [18]. Current research topics include; organic redox 
couples for cheaper storage, development of lower cost membranes and improved electrodes 
for increased current density and cyclic efficiency [19-21]. 
 Electrolysis and Fuel Cells for Hydrogen 
The hydrogen economy is a term coined by proponents favouring the use of hydrogen as a 
storage medium. The basis of the hydrogen economy is that hydrogen can be formed by 
splitting water using electricity, then converted back to water in a fuel cell to produce 
electricity. One of the main advantages of this system is the high energy density of hydrogen 
when stored as a compressed gas or liquid. Battery technology is likely years away from 
overtaking the energy density of hydrogen, but the development of the hydrogen economy has 
been hampered by one major and fundamental disadvantage, low round trip efficiency [22], 
(Figure 1.2).  
 
Figure 1.2: Indicative, major sources of  round trip efficiency losses for use of hydrogen as an energy 
storage technology. 
When making hydrogen electrochemically using an electrolyser, approximately 75% of the 
electricity is converted into hydrogen and when the hydrogen is converted back into water the 
efficiency can be below 50%.  




Additionally, 15-35% of the stored energy is required to compress or liquefy the hydrogen, to 
enable higher energy density. Therefore, the resulting round trip efficiency is typically around 
30% [22].  
Due to the low round trip efficiency, the difference in price between the electricity used to 
produce hydrogen and the electricity produced when the hydrogen is converted back to water, 
must be significant. There appears to be no obvious solution to this problem, as the highest 
possible level of efficiency is set by the thermodynamic limit, at 83% [23]. The upper level of 
efficiency is not achievable in practice, as there will always be losses associated with the redox 
reaction overpotentials and electrical resistance within the cell.  
  Energy and Power  
The different technologies previously mentioned have varying levels of energy and power 
density, governed by the chemical and physical processes behind their operation. The relative 
values for these characteristics can be viewed together, (Figure 1.3). 
 
Figure 1.3: Energy and power density of various storage technologies, adapted from [24]. 




Li-ion and Fuel cells are towards the higher end for energy and power density, thus they are 
the natural choice for mobile transport applications [10]. The power and energy density of VRB 
is well below that of Li-ion, by approximately a factor of 1,000 and 10 respectively. However, 
the energy density of VRFB is around 10 times greater than PHES, which is the most common 
form of grid level storage, highlighting that in stationary applications energy density is not a 
critical parameter. The different forms of energy storage have varying characteristics, in 
particular rated power output and stored energy differ by storage type, (Figure 1.4). 
 
Figure 1.4: Power and energy scale of different storage technologies, adapted from [18]. 
Technologies shown to the top right of the graph can store large quantities of energy and meet 
high power demands. The relative position of different technologies on Figure 1.4 does not 
determine whether one technology is superior to another, it does however indicate the 
limitations of different technologies. Of note, PHS and CAES both have low power and energy 
density, but due to the large physical size of typical projects, higher levels of absolute power 
and energy are achievable. Li-Ion covers a larger area of the graph, indicating that it is suitable 
for use in a wide range of applications. Like Li-Ion, VRB have a wide range of applications, 
but tend to be used for longer time periods due to the low cost of energy storage and relatively 
higher cost of power capacity.   




  Levelised Cost of Electricity 
In addition to the power and energy requirements for a project, the cost of storage is of 
importance. One measure is the upfront capital cost, measured in $ kWh-1 or $ kW-1, however 
this does not account for the longevity and operating costs of the technology. The most useful 
metric to quantify the true cost of storage is the levelised cost of storage (LCOS), also measured 
in $kWh-1.  Unlike the upfront cost, the LCOS considers the amount of energy delivered over 
the lifetime of the storage technology, not just the capacity for one discharge.  
If the LCOS is below the expected difference in electricity price between charging and 
discharging over the project period, installing the storage technology will be economically 
viable. The main parameters that influence the LCOS are upfront cost, number of expected 
cycles, useful lifetime in years, round trip efficiency and the maintenance and operating costs 
[25]. Different methodologies will result in different final LCOS, as many variables are not set 
and depend on a range of factors. One such comprehensive study [26], has quantified the LCOS 
for a range of technologies and applications, notable values have been selected, (Table 1.1). 
Table 1.1: Levelised cost of electricity for a transmission system sized at 100 MW and 800 MWh. 
Storage Type PHES CAES Li-Ion VRFB Lead Acid Flywheel 
LCOS ($ MWh-1) 152-198 116-140 267 - 561 314-690 425-933 342-555 
From Table 1.1, it is clear that battery storage technologies are more expensive than pumped 
hydro and compressed air storage. The cheapest form of chemical storage is Li-ion batteries, 
whilst installed capacity is significantly below pumped hydro, deployments are growing 
quickly [27]. The above values are based on a modelled system with 8-hour discharge duration 
and uses values from 2016.  
  




For distribution services batteries are preferred as they can be installed almost completely 
independently of site [26]. Based on a 10 MW and 60 MWh system for distribution services, a 
Li-ion system would cost 272 - 338 $ MWh-1, against 184 - 338 $ MWh-1 for a VRFB [26]. 
Whilst the difference in electricity spot price between charging and discharging is likely below 
this cost, batteries can provide other services to the grid, increasing total revenue [28], (Table 
1.2).  
Table 1.2: Electricity grid services that can be provided by energy storage systems, [28]. 
Service / revenue  Definition of service 
Energy arbitrage Average daily “off-peak” to “peak” market price changes. 
Spin/non-spin reserves Extra generating capacity available from generators connected to the 
grid. 
Frequency regulation Maintains the grid frequency at close to 50 Hz. 
Voltage support Maintains the voltages on the system within Code limits. 
Black start Restarts system after a blackout, generating station must self-start 
without using power from the grid. 
Peaking capacity Plants that run only during periods of high demand for electricity. 
Transmission deferral Savings made by deferring transmission upgrades. 
Distribution deferral Savings made by deferring local network upgrades. 
Time-of-use Encourages use of electricity when demand on the system is lowest.  
PV self-consumption Enables customers to source more of their energy demand from PV. 
Demand charge reduction For large commercial customers, reflects the extra cost of distribution 
equipment to service customers with high peak power demand. 
Backup power Provides power to a customer in the event of a blackout. 
Demand response Rewards customers who alter demand to reduce grid demands.  
 
  




 Thesis scope 
VRFB have environmentally and social cost benefits relative to lithium-ion batteries, primarily 
due to the longer lifetime and ease of recycling. It can be seen that for grid storage applications 
VRFB are already cost competitive with lithium-ion batteries, but a greater understanding of 
the kinetics at the carbon felt electrodes is required. Each chapter is written in the form of a 
research paper and Chapters 4 and 5 have been published. 
Chapter 2 - Vanadium Redox Flow Batteries Review  
Chapter 2 provides an overview of the current design and performance of VRFBs. This covers 
each main cell component of VRFBs, as well as the effect of the electrolyte. From this review, 
we conclude that the carbon felt electrodes are currently limiting performance significantly. 
 Chapter 3 – Electrode Modifications 
Chapter 3 details an array of different methods used to modify carbon felt electrodes, including 
metal deposition, metal oxide deposition, surface modifications and structural modifications.  
The relevant physical properties that change as a result of these modifications and how these 
changes influence electrode performance is also detailed. 
Chapter 4 - EIS at Carbon Fiber Cylindrical Microelectrodes  
The theoretical mass-transport impedance at cylindrical microelectrodes has previously been 
identified, but an experimental verification is given here for the first time. Nonlinear least 
squares fitting of the impedance spectrum of a redox couple at the reversible potential enables 
accurate evaluation of a composite parameter. From the composite parameter the standard rate 
constant and mean diffusivity was calculated, without needing to measure the fiber diameter, 
length or area.  
  




Chapter 5 - Single Fibre Electrode Measurements - a Versatile Strategy for Assessing the 
Non-Uniform Kinetics at Carbon Felt Electrodes 
The electrochemical performance of carbon felts is commonly tested by calculating the energy 
efficiency for charge / discharge cycles of electrochemical cells. This method whilst useful 
does not provide a direct measure for the kinetics of the redox reactions at the electrode surface. 
This work demonstrated that the kinetics of carbon felts can be directly measured using 
experimental cyclic voltammetry and simulations of individual carbon fibers and carbon felt. 
 Chapter 6 - Using Individual Carbon Fiber Electrodes to Quantify Effects of Thermal 
Activation 





  redox couple before and after thermal activation is quantified. With calculations 
carried out using analysis of cyclic voltammetry discussed in Chapter 5 and the EIS modelling 
of cylindrical microelectrodes described in Chapter 4. 
Chapter 7 – Thermal Activation of carbon Felt for the Positive Vanadium Redox Couple 
The electrochemical performance of three different thermally treated carbon felts towards the 
positive VRFB redox couple (VO2+ / VO2
+) was investigated, using the previously developed 
analytical methods described in Chapter 5. Thermal treatment improved the performance of all 
felts, likely due to increases in the electrically active surface area from increased surface 
roughness and improved wettability.  
Chapter 8 – Half-Cell Performance of Carbon Felt Samples  
Kinetic measurements of carbon felts from cyclic voltammetry in stagnant solutions were 
validated using half-cell measurements with pumped electrolyte. The results were consistent, 
as the felts that were found to have higher rate constants from cyclic voltammetry also had 
higher rate constants as measured from polarization curve analysis. Additionally, the felts with 




2. Vanadium Redox Flow Batteries Review 
Vanadium redox flow batteries (VRFBs) have displayed promise for use in grid-scale energy 
storage, as they can store large amounts of energy with independent power capacity and no 
capacity loss for over 20 years [29]. This technology has been proven on the large scale and 
has the potential to become cheaper than lithium-ion and lead-acid batteries [16]. Wider 
adoption is currently hindered by a high upfront capital cost, that means the levelised cost of 
electricity is higher than the revenue the batteries can generate in most cases. Extensive reviews 
of VRFB covering a wide range of aspects have previously been published [12, 17, 29-53]. 
The purpose of this project is to better understand the kinetics of the redox reactions to enable 
future improvements in VRFB performance. Reductions in cost could be achieved by using 
cheaper materials or reducing the volume of materials required. Reductions in required 
materials can be achieved by improving performance of the cell through higher power density. 
Increasing power density can be achieved by improving the electron transfer kinetics of the 
electrode material, which are typically carbon felts. 
Some advantages of all-vanadium battery design are related to the stability of vanadium at 
multiple oxidation states. This allows for vanadium to occupy oxidation states of V2+, V3+, V4+ 
and V5+, thus if ions cross-over through the membrane, the round trip efficiency reduces, but 
the overall capacity of the battery is not affected [10]. Once the vanadium is dissolved in 
solution it will remain as vanadium indefinitely, thus the capacity of the battery will stay 
constant, unless precipitation occurs. If some of the vanadium precipitates it can be easily re-
dissolved to restore the original capacity. This is a clear advantage relative to lithium ion 
batteries, which lose capacity over time and when recycled require the electrodes to be 
completely remade, which is a lot more expensive and energy intensive.  
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In VRFBs the power is produced in an electrolytic cell during discharge, with power consumed 
in the same cell during charging. In these cells, inert carbon felt electrodes are typically used 
and are separated by ion exchange membranes, to prevent ion crossover. Typically, graphite 
bipolar plates are used to enable stacking of electrodes, increasing the cell voltage. Current 
collectors made from highly conductive materials, such as copper are then wedged against end 
plates which provide structural support, (Figure 2.1). 
 
Figure 2.1: Simplified cell structure of a typical RFB. 
 Current Performance of VRFB 
The stored energy capacity of a VRFB is defined by the amount of electrolyte, hence the 
minimum battery cost achievable is $84 kWh-1 at 2015 market prices [25]. This price excludes 
the cell cost, but currently the full battery cost is as low as $264 kWh-1. The minimum levelised 
cost of electricity is $184 MWh-1 when used for distribution services, which is equal to or 
cheaper than Li-ion [17]. The typical operating current density of approximately 100 mA cm-2 
used commercially, which is well below hydrogen fuel cells of a similar design [54].   
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 Electrochemical Processes within a VRFB 
In a VRFB oxidation of 𝑉2+ and reduction of 𝑉3+ occurs at the negative electrode: 
𝑉3+ + 𝑒− ⇌ 𝑉2+ (𝐸0 =  −0.255 𝑉 𝑣𝑠 𝑆𝐻𝐸) (2.1) 
The oxidation of 𝑉𝑂2+ and reduction of 𝑉𝑂2
+ occurs at the positive electrode and is also a one 
electron transfer reaction: 
𝑉𝑂2
+ + 2𝐻+ + 𝑒− ⇌ 𝑉𝑂2+ + 𝐻2𝑂 (𝐸
0 =  +0.991 𝑉 𝑣𝑠 𝑆𝐻𝐸) (2.2) 
Many applications will require higher voltages, thus cells are often connected together by bi-
polar plates, mechanically in parallel but electronically in series to create stacks with higher 
voltages. 
For the redox couples described in Equations 1 and 2, the reversible cell potential, 𝐸𝑟𝑒𝑣 can be 
found from a modified verison of the Nernst equation. During charging and discharging the 
state of charge (SOC) of the battery is constantly changing, this influences the reversible cell 
potential, as the concentration of each vanadium ion depends on the SOC. As two protons 
participate in the reduction of  𝑉𝑂2
+, the reversible cell potential is related to the log of the 
squared proton concentration. Additionally, with the Donnan potential which accounts for 
differences in the proton concentration across the membrane, between the positive and negative 














𝐶𝑉𝑂2+ . 𝐶𝑉3+ . 𝐶𝐻+
𝑛𝑒𝑔 ) (2.3) 
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 Performance Limiting Aspects of VRFB 
As previously mentioned, key characteristics for an effective energy storage system include 
high roundtrip efficiency, low cost and long term reliability. Whilst VRFB can store energy at 
a reasonable cost, the roundtrip efficiency is below that of Li-ion and the cost of power is 
dependent on the cell cost. By looking at the underlying principles, it is possible to identify 
areas to improve both of these characteristics. There are three main efficiency losses in VRFB, 
concentration polarization, 𝜂𝑐𝑜𝑛 from mass transfer limitations, electrode activation 
overpotential, 𝜂𝑎𝑐𝑡 required to increase the current density and ohmic losses from electrical 
resistance. Therefore, the cell potential during charging is greater than the reversible cell 
potential: 
𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 + 𝜂𝑐𝑜𝑛 + 𝜂𝑎𝑐𝑡 + 𝐼𝑅 (2.4) 
Where: 𝐼𝑅 is the voltage drop from sources of resistance within the cell, including across the 
membrane, within the electrodes and the current collector. These values depend on a range of 
variables and can be estimated based on empirical data [57]. During discharging the cell 
potential is below the reversible potential, as the positive signs in Eq. 2.8 are replaced with 
minus signs. The difference in potential between charging and discharging can be used to 
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The cell potentials in Eq. 2.9 are the average potential for the duration of the charge / discharge 
cycle. Energy efficiency of the cell can be reduced further by the presence of unwanted side 
reactions and crossover of vanadium ions through the membrane. The most common side 
reaction in a VRFB is the parasitic hydrogen evolution reaction at the negative electrode, 
although water splitting and carbon oxidation can occur at the positive electrode. Therefore, 
the coulombic efficiency, 𝐶𝐸 (also known as the Faradaic efficiency) is defined as ratio of the 






However, this efficiency is very sensitive to the cell voltage limits and current density applied 
during the operation of the battery. The overall energy efficiency, 𝐸𝐸 is the ultimate measure 
of battery performance and is the product of the voltage and coulombic efficiency: 
𝐸𝐸 = 𝐶𝐸 × 𝑉𝐸 (2.7) 
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 Electron Transfer Kinetics 
Improving the kinetics of the vanadium redox reactions can improve the voltage efficiency 
through reduced electrode activation overpotentials. The reduced cell potential therefore can 
also improve the coulombic efficiency by reducing the cell potential, limiting the amount of 
charge that goes towards the unwanted side reactions. Combined this can have a dramatic effect 
on the overall energy efficiency of the cell. 
The electron transfer kinetics depend on the overpotential applied to the electrodes and the rate 
constant for the reaction. The rate of the forward reaction is given by: 
𝑘𝑓 = 𝑘𝑓
0 𝑒𝑥𝑝−𝑎𝑛𝐹(𝐸𝑐𝑒𝑙𝑙−𝐸𝑟𝑒𝑣)  (2.8) 
Where 𝑘𝑓, is the rate of the forward reaction, α, is the charge transfer coefficient, 𝑛, is the 
number of electrons transferred during the oxidation and reduction reactions, 𝐹, is Faraday’s 
and 𝐸 − 𝐸𝑟𝑒𝑣, is known as the electrode activation overpotential, also denoted as 𝜂𝑎𝑐𝑡. When 
considering the reaction in both the forward and reverse directions, the net electron transfer 
rate at a surface can be calculated using the Butler-Volmer equation: 




𝑅𝑇 ) (2.9) 
Where 𝑖, is the current, 𝐴, is the surface area of the electrode, 𝑘0, is the standard rate constant, 
𝐶𝑅𝑒𝑑, is the concentration of the reduced species at the surface of the electrode, 𝐶𝑂𝑥, is the 
concentration of the oxidised species at the surface of the electrode, 𝑅, is the universal gas 
constant and 𝑇, is the temperature of the system, measured in kelvin. 
Thus, the current density is proportional to the standard rate constant, but exponentially related 
to the overpotential. Operation of a cell is deemed to be kinetically limited if the current density 
is below the mass transfer limit. Improving the electron transfer kinetics leads to a larger 𝑘0 
value, enabling larger current densities at a given overpotential, or requiring a lower potential 
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 Mass Transfer  
Mass transfer relates to the movement of the ions from the solution to the electrode surface. 
The rate of mass transfer to the surface can limit the current and hence power density. The 
current density becomes limited by mass transfer when the electron transfer kinetics are fast, 
occuring at large overpotentials. As reactants are quickly consumed at the surface the 
concentration of reactants at the surface reduces, reducing the current as defined in Eq 2.9 [58]. 
In a stagnant solution the only form of mass transfer is from diffusion, with the rate of mass 
transfer dependent on multiple variables, including the diffusion coefficient of the ions in 
solution, the concentration of ions and the solution temperature and viscosity [59].  When the 
solution is forced through an electrode, convection is the dominant source of mass transfer and 
is dependent on the flow rate of solution and the cell geometry [60]. 
During charging and discharging of VRFB the vanadium reactant species must be transported 
to the carbon felt electrode surface to enable high power densities in the cell. This becomes 
very challenging at both high and low SOC, as the concentration of the reactant is reduced 
significantly. If the mass-transport becomes too limited it can cause electrode degradation from 
oxidation, gas formation and a reduction in efficiency. Battery management systems are often 
used to control the current and electrolyte flow rate, managing pumping losses from increased 
flowrate whilst maintaining sufficient power output. At these extreme SOC conditions the 
power density of VRFB systems becomes limited and is termed concentration polarization [31, 
61]. As a result, the concentration overpotential, 𝜂𝐶  becomes the main source of energy loss 
within the cell, which is typically dominated by kinetic and contact resistance losses. The 
limiting current density 𝑖𝐿, is defined as [61]: 
𝑖𝐿 = 𝑛𝐹𝑘𝑚𝐶𝑏 (2.10) 
Where 𝐶𝑏 is the bulk reactant concentration and 𝑘𝑚 is the local mass transfer coefficient, which 
is a function of the convective fluid velocity, 𝑣 [61]: 
𝑘𝑚 = 1.6 × 10
−4𝑣0.4 (2.11) 
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 Electrolyte Considerations 
Whilst the cost of the vanadium electrolyte is essentially fixed by the market price for 
vanadium, the performance of a VRFB is heavily influenced by the chosen electrolyte [43]. 
Typically, vanadium ions are dissolved in sulphuric acid, with the maximum concentration of 
vanadium limited by the lowest solubility of the four different redox states, within the chosen 
operating temperature range. The solubility of the V2+, V3+ and V4+ ions increase with 
increasing temperature, but decrease with increased sulphuric acid concentration. The decrease 
in solubility with sulphuric acid is due to the common-ion effect, whereby each of these 
vanadium redox states precipitate as vanadium sulphate salts. However, the solubility of the 
V5+ ion decreases with temperature and increases with sulphuric acid concentration, as the V5+ 
species precipitates as V2O5. The electrolyte concentration is typically 1.6 – 2 M of vanadium 
and 2 – 5 M sulphate, with higher sulphate recommended for operation in warmer climates. 
Using a mixed electrolyte with hydrochloric acid and sulphuric acid enables higher vanadium 
concentrations, by reducing the common ion effect. However, the presence of Cl- ions in the 
electrolyte introduces a significant safety issue. During charging the cell potential increases 
and as the SOC approaches 100%, the charging becomes mass transfer limited and the 
overpotential increases. If the potential goes too high, Cl- ions will be oxidised to form Cl2, a 
toxic gas. The performance advantages of the mixed electrolyte however are significant, with 
a stable 2.5 M vanadium concentration. This increased concentration reduces concentration 
polarization losses, increasing the efficiency, power density and energy density of the battery.  
Addition of phosphoric acid has been shown to increase the kinetics for the positive redox 
couple. The apparent rate constant for the VO2+ / VO2
+ redox couple in a 1 M solution of 
phosphoric acid was 6.1 × 10−4 cm s-1, 70 times larger than the 9.2 ×  10−6 cm s-1 recorded 
with a 1 M sulphuric acid solution. When a mixed acid electrolyte of 0.5 M phosphoric and 0.5 
M sulphuric was used, the rate constant was still significantly higher at 1.2 × 10−4 cm s-1. As 
the phosphoric acid is not consumed this is a form of homogenous catalysis, which may be the 
result of the phosphate ion forming a complex that increases the inherent rate constant [62].  
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 Felt compression 
Previous research has demonstrated that felt compression and the resulting porosity of felt 
electrodes in assembled VRFB cells alters the performance of the cell. One study showed that 
the coulombic efficiency (CE) was highest at a compression of 38.5%, relative to the other 
ratios tested (23.1 % and 53.8%). The voltage efficiency was the same at 38.5% and 53.8%, 
both higher than at 23.1%. The improved VE at higher compression was likely due to a 
reduction in the ohmic resistance of the felt. The highest EE recorded was 73% at 38.5% 
compression and an operating current density of 80 mA cm−2, with an electrolyte flow rate of 
100 mL min−1 [63]. These improvements in electrical efficiency do however, come at a cost of 
increased pumping energy expenditure. Due to the lower porosity, the pressure drop through 
the felt from pumping is increased and thus more energy is required to force the electrolyte 
through the felt [64].  
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 Flow Fields 
VRFB cells typically have a flow field machined into the bipolar plates to improve the 
convective mass transport through the carbon felt or paper electrodes. The flow fields distribute 
the electrolyte more evenly through the electrodes, improving electrical efficiency and 
reducing pressure drop. Many different flow fields have been tested in the highly developed 
area of fuel cells [65-72] and these flow field designs are often applied to VRFB cell flow fields 
[73, 74]. Some common flow field designs include flow through (no machined pattern), 
parallel, serpentine and interdigitated patterns [75], (Figure 2.2).  
  
Figure 2.2: The main type of flow patterns machined into bipolar plates, blue arrows indicate direction 
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The performance of a VRFB cell with a serpentine flow field was compared to a flow through 
design. The serpentine flow field improved the distribution uniformity of the electrolyte and 
reduced the overpotential in the electrode. The cell with the serpentine flow field had an energy 
efficiency of 80.7% at 40 mA cm-2 and 2.5 mL s-1, outperforming the cell with flow through 
design which returned a maximum energy efficiency of 75.9% at 40 mA cm-2 and 1.2 mL s-1. 
This higher energy efficiency of the serpentine flow field is significant enough to overcome a 
1% higher pumping cost, relative to the flow through design [76].  
VRFB cells with interdigitated flow fields have been demonstrated to outperform cells with 
flow-through carbon electrodes. Thicker electrodes are required in flow through configurations 
to reduce the pressure drop, the thicker electrodes increase the ohmic losses due to contact 
resistances, lowering the performance of the cell. When scaled up to larger active area 
electrodes, the pressure drop increases less for interdigitated flow field configurations and thus 
they are more suited for use in large cells with higher power output [77]. However, analysis of 
a range of different interdigitated variants showed that they were susceptible to poor 
distribution of electrolyte within the cell and therefore the performance is typically below that 
achievable using serpentine flow channels in large cells [78]. 
New methods to improve electrolyte distribution through electrodes include the use of static 
mixers and toroidal cell designs [79].  Toroidal cell designs using wedge-shaped cells enables 
varied felt compression, with higher electrode compression at the outlet, optimising the 
material properties through the cell. Wedge cells tested without mixers had smaller 
overpotentials than traditional parallel plate designs and resulted in a 15% increase in energy 
efficiency. This in turn increased the energy capacity, due to larger depth of charge and 
discharge between voltage cut-offs. The addition of static mixers can further improve mass 
transport, with minimal increased pumping cost by reducing the concentration gradients across 
the cell. It is expected that with the addition of static mixers, energy efficiency improvements 
of over 20% could be achieved.  
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 Effect of Improving Kinetics on Economic Viability 
As the vanadium electrolyte price is dominated by the market price of vanadium, changes to 
the design and operation of the electrolytic cell are most likely to improve the economic 
viability of the VRFB. The estimated costs for the cell components depicted in Figure 2.1 vary 
significantly, (Table 2.1).  
Table 2.1: Cost breakdown of some common VRFB components, retrieved from [80]. 
Component Cost ($ kW-1) 
Carbon Felt 70 
Membrane 500 
Bi-polar Plate 55 
Current Collector 0.15 
End Plate 0.2 
 
From Table 2.1, it is clear that the cost of membranes is the most significant factor in terms of 
$kW-1. The total membrane cost could be decreased by reducing the purchase price in $ m-2, 
or by increasing the power density of the cell. Cells with higher current density would require 
smaller membranes, electrodes and auxiliary equipment [81]. Reducing the size of the cell 
would require the  operating current density to increase beyond 100 mA cm-2, that is typically 
used commercially [54].   
The biggest hurdle to increasing current density is the electrode kinetics of the carbon felt. In 
many cases electrode kinetics are too slow for practical use, but can be improved using 
electrocatalysts or electron-transfer mediators [41]. The limiting current for redox flow 
batteries is dependent on flow rate and flow field design and can range from 200 mAcm-2 to 
over 600 mAcm-2 [82-84]. Thus, the development of electrodes with higher activity could 
reduce the cost of producing VRFBs.  
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Doubling the cell power density would reduce the price per kWh of a 5-hr charge/discharge 
system significantly [54]. Improving the electrode kinetics not only decreases the cell stack 
cost, it can also improve the efficiency and SOC window under which the VRFB can operate. 
Both the improved efficiency and increased SOC reduce the cost per kWh of electrolyte, as the 
same electrical energy storage capacity can be achieved using less vanadium [85].  
 Membrane Technology 
Ion exchange membranes of the Nafion type have been identified as the most expensive 
component in VRFB, costing $500 m-2 and contributing up to 44 % of overall battery cost [80]. 
Alternative membranes are being considered, namely SPEEK and size exclusion membranes 
[20]. Membranes should limit cell resistance, maintain high selectivity to prevent crossover 
losses and have high durability for long lifespan for thousands of cycles [86]. One option is to 
add a microporous separator to limit crossover through a 20 micron thick Nafion membrane, 
this is claimed to maintain good selectivity whilst reducing resistance [87]. Membrane 
improvements can work synergistically with improved kinetic performance to decrease the cell 





3. Electrode Modifications 
Redox Flow Batteries research almost exclusively uses carbon based electrodes in 
experimental work. Some fundamental work has been carried out using planar glassy carbon 
(GC) electrodes, allowing for easier calculation of parameters such as the diffusion coefficient 
and the inherent rate constant. However, the most common form of electrode used in working 
cells is carbon felt. Others have used carbon paper electrodes in no gap architecture derived 
from fuel cell designs, which reduces electrical resistance but increases electrode activation 
losses. The choice of carbon materials for the electrodes is informed by the widespread use in 
industrial scale VRFB. Carbon felt is often chosen due to a number of positive properties 
 Low cost and widely available carbon material (Polyacrylonitrile (PAN) and Rayon 
based fibers) 
 Inert to corrosion from the highly acidic and oxidative electrolytes 
 Mechanical stable and can handle the typical flow rates 
 Suitable porosity with reasonable surface area  
 Electrode properties 
Whilst carbon felt electrodes are suitable for use in VRFB cells, they can be improved further 
by manipulating the following properties:  
 Increasing this inherent rate constant  
 Increasing the surface area of the electrode through a rougher / more porous surface  
 Improving the wettability of the electrode to increase the electro active surface area  
 Improving the conductivity of the electrodes to reduce ohmic losses.  
 The coloumbic and hence energy efficiency of a cell can also be improved by 
suppressing hydrogen evolution at the negative carbon felt electrode  
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It has been shown that the inherent rate constant for vanadium redox reactions is well below 
that of other common redox couples such as iron and ferricyanide [88, 89]. There is growing 
evidence that the V2+ / V3+ redox reactions are kinetically slower than the VO2+ / VO2
+ 
reactions.  
Increasing the electrode roughness is analogous to increasing the inherent rate constant, as the 
current density is linearly related to both, Equation 2.9. However, the electroactive surface area 
of the electrode is dependent on the physical surface area of the electrode as well as the wetted 
fraction. Therefore, the performance improvements from increasing the surface area through 
increased roughness will only be realised if the increased physical area is also wetted by the 
electrolyte.  
The importance of carbon felt wetting on reaction kinetics has been previously demonstrated, 
electrolyte containing V2+ / V3+ was forced through a carbon felt electrode in a flow channel. 
The electrode was then removed from the flow channel and immersed in a stagnant solution of 
the same electrolyte. During cyclic voltammetry a significant increase in the peak current 
during oxidation was observed. The higher peak current was assigned to increased wetting, 
filling the internal pores and not changes to the inherent kinetics, surface roughness or 
conductivity [90, 91]. 
Reduction of protons to form hydrogen gas at the negative electrode lowers the coulombic and 
energy efficiency of the cell. Hydrogen formation occurs as a parasitic side reaction because 
the standard reduction potential of the V2+ / V3+ reaction is below that of the hydrogen evolution 
reaction [92]. Therefore, inhibiting the formation of hydrogen at the carbon felt electrode will 
have a positive influence on overall cell performance. Addition of nitrogen functional groups 
on the carbon felt surface has been shown to promote the hydrogen evolution reaction, thus a 
low nitrogen surface content is desirable for the negative electrode [92, 93]. 
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In this review each of these properties will be discussed in relation to many of the different 
electrode modification methods described in literature. These modification methods have been 
grouped into four distinct categories: 
 Metal deposition onto electrode surfaces 
 Metal oxide deposition onto electrode surfaces  
 Chemical and thermal surface treatments  
 Structural modification of the electrode 
Structural modifications are differentiated from chemical and thermal surface treatments by 
defining them as the addition of non-metallic material to the carbon electrode surface, typically 
a different form of carbon that may contain other elements such as nitrogen and oxygen.  
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 Metal Deposition 
Metal deposition is the process of depositing metallic compounds onto a carbon electrode 
surface. Metals can be electrodeposited with under or over potential deposition, whereby 
under-potential deposition occurs at electrode potentials above the Nernstian potential [94-98]. 
Metal impregnation of porous carbon and attachment of metallic nanoparticles have also been 
used to deposit metals onto carbon surfaces [99-111].  Some important considerations with 
metal deposition include the cost of the metals, as noble metals such as Pt, Au and Ag are 
typically expensive [112]. The method of deposition is also important as the deposited metal 
must be stable, as VRFB typically have decades long lifecycles. As previously mentioned the 
kinetics of the hydrogen formation reaction are important for the energy efficiency of the cell, 
it is known from hydrogen electrolyser literature than many metals catalyse this reaction and 
these would therefore not be suitable for use in VRFB [113]. Whilst water splitting at the 
positive electrode is not as commonly a problem as hydrogen formation, due to the higher 
standard reduction potential, use of metal deposition at the positive electrode only is ill advised. 
If the deposited metal detaches or dissolves from the surface of the positive electrode, over 
time these metals may migrate to the negative electrolyte and lead to increased rates of 
hydrogen formation. 
 Inherent Kinetics 
Metal deposition has been shown to improve the inherent kinetics, with a strong focus on 
bismuth deposition. One paper showed that bismuth nanoparticles improved the electroactivity 
of the negative electrode for a graphite felt and a carbon felt, observed through cyclic 
voltammetry [102]. Whilst another paper demonstrated that at the positive electrode bismuth 
dissolves to form Bi3+ in solution and does not alter electrode kinetics, but when the bismuth 
is deposited at the negative electrode increased peak currents and reduced peak separation was 
recorded during cyclic voltammetry. These results were confirmed by a smaller charge transfer 
resistance measured by electrochemical impedance spectroscopy (EIS). The optimum loading 
was found to be 2 wt.%, returning an energy efficiency of 79% at a current density of 160 
mAcm−2 for over 300 cycles [105].  
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The effectiveness of bismuth deposition was improved by etching carbon felt with KOH before 
depositing bismuth nanoparticles. The etching produced micropores and oxygen-containing 
surface groups that increased bismuth deposition. The KOH etched and bismuth deposited 
electrodes returned smaller peak separations in cyclic voltammograms (CVs) and reduced 
charge transfer resistance as measured by EIS. An energy efficiency of 79.3% was achieved at 
a current density of 160 mAcm−2, which was 36.2% higher than with an unmodified carbon 
felt electrode [106]. Another group electrodeposited bismuth nanoparticles onto graphite felt 
and observed improved kinetics from cyclic voltammetry. They proposed that Bi nanoparticles 
form an intermediate BiHx, which in turn reduces V3+ to V2+, subsequently inhibiting the 
formation of hydrogen and improving coulombic efficiency [101]. 
In addition to bismuth, tin was deposited in-situ by dissolving 0.02 M or less into the negative 
vanadium electrolyte. As the tin is deposited a clear increase in kinetics was observed during 
cyclic voltammetry [98]. Using a similar in-situ electrodeposition method, antimony (Sb3+ 
ions) were added to the vanadium electrolyte solution. An optimal concentration of 5 mM was 
found and as the Sb3+ ions were reduced onto the negative electrode, a decrease in the charge 
transfer resistance was measured by EIS. The energy efficiency of the cell was increased to 
67.1% from 57.5% at a current density of 120 mAcm−2 to 67.1% [107]. 
 Surface Area and Roughness Effects 
Bismuth nanoparticles 35-50 nm in diameter were attached to graphite felt by immersion in a 
Bi2O3 solution, with a 1% loading by weight achieved after immersion. The felt was then 
treated thermally at 450 oC in air for 3 hours and the surface area increased from 0.92 m2g−1 
for a thermally treated graphite felt, to 3.36 m2g−1 for the felt that was immersed in bismuth 
and then thermally treated. It was hypothesized that the bismuth nanoparticles catalysed the 
oxidation of the graphite felt. An increase in electrode conductivity was also observed, 
contributing to the improved performance  [103].   
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Copper nanoparticles were formed on graphite felt before use as a negative electrode with in-
situ electrodeposition. CuSO4 was added to the negative vanadium electrolyte in 0, 0.0025, 
0.005 and 0.01 M concentrations. Cyclic voltammetry showed a small increase in peak current, 
possibly due to increased wetting, but no change in peak potential separation was recorded. 
However, EIS measurements showed a 49% reduction in charge transfer resistance, which 
could be achieved if the electrically active surface area of the electrode had doubled, but there 
appears to have been no attempt to measure this [110].  
 Electrode Wettability 
Pt and CuPt3 nanocubes approximately 5 nm in size were deposited via drop casting onto 
separate hydrazine treated graphene oxide electrodes. Both catalysts performed better for the 
VO2+ / VO2
+ redox couple than a hydrazine treated graphene oxide electrode without deposited 
nanoparticles. The CuPt3 electrode was more active than the Pt electrode, which was believed 
to be a result of a 105% increase in electroactive surface area, whereas the area only increased 
by 32% for the Pt modified electrode [108, 109]. The increase in electrically active surface area 
of the CuPt3 modified graphene oxide electrode relative to the Pt modified electrode may have 
been due to improved wettability, as a result of the formation of –OH groups at the Cu–Pt 
surface from water dissociation [108]. Indium deposited on carbon paper improved electrode 
performance, increasing the limiting current from 72 mA cm-2 to 125 mA cm-2. This was likely 
due to the increase in wettability observed from contact angle measurements [100]. 
 Electrode Conductivity 
Iridium was reduced onto graphite felt using pyrolysis and tested as a positive electrode in a 
VRFB. It was found that the electronic conductance of the felt increased and accompanied a 
reduction in cell resistance and an improved cell energy efficiency [114]. 
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 Metal Oxide Deposition 
Metal oxides have been deposited onto carbon surfaces to act as catalysts for the vanadium 
redox reactions. As with metal deposits, electrodeposition can be employed to deposit metal 
oxides [115, 116]. Hydrothermal and solvothermal processes for attachment of metal oxides 
have been studied [117, 118]. KMnO4 was co-reduced with graphene oxide in the presence of 
NH3 before the solution was drop cast onto a GC electrode [119].  
 Inherent Kinetics 
A solvothermal Mn3O4 / multi walled carbon nanotube (MWCNT) modified graphite felt 
electrode was credited with improving the electrocatalytic kinetics for the VO2+ / VO2
+ redox 
reactions. However, no attempt was made to identify changes in electrically active surface area 
and therefore the improvements in electrochemical performance may have been due to an 
increased electrically active surface area not faster inherent kinetics [118]. Graphite felt 
modified by hydrothermal deposition of MnO2 was shown to have improved electrocatalytic 
activity towards the VO2+ / VO2
+ redox couple. This was identified through a reduction in peak 
separation during cyclic voltammetry and a 12.5% increase in energy efficiency, at a current 
density of 150 mA cm−2. However, once again no mention of surface area or capacitance was 
made and thus it is possible improvements were solely from increased electrically active 
surface area [117].  
 Surface Area and Roughness Effects 
Electrochemical reduction of functionalized MWCNTs and W2O11
-2 onto a graphite plate was 
shown to form a nanoporous structure with a large specific surface area. Subsequent cyclic 
voltammetry measurements showed a noticeable reduction in peak separation for the VO2 + / 
VO2
+ redox couple, highlighting the importance of the electrically active surface area [116]. 
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 Electrode Wettability 
No mention of electrode wettability was made in the metal oxide deposition that was reviewed, 
though not every piece of research has been covered. Whether this lack of emphasis is because 
there is no obvious link between the tested metal oxide deposition methods and electrode 
wettability, or because researchers are not widely aware of the importance of electrode 
wettability is unknown.  
 Electrode Conductivity 
Deposition of metal oxides is not aimed at improving electrode conductivity, due to the 
typically poor conductivity typical of metal oxides. Therefore, many of the methods used to 
attach metal oxides also use carbon nanotubes to act as a conductive bridge between the oxide 
particles and the underlying carbon electrode [118]. 
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 Chemical and Thermal Surface Treatments 
Chemical and thermal surface treatments are commonly used and have been extensively 
studied. Thermal and chemical treatments in particular can be easily carried out, often requiring 
only one step and minimal preparation, making them very suitable for use on an industrial 
scale. Chemical modifications are typically achieved through exposure to concentrated acids 
which oxidise and acidify the surface. Electrochemical treatment can accelerate surface 
modifications, by applying highly oxidising and or reducing potentials to the electrodes. 
Thermal treatments are often carried out in an air atmosphere at a range of temperatures, as the 
presence of oxygen means the formation of oxygen groups at the carbon surface can be 
achieved, although inert atmospheres are also occasionally used.  
 Inherent Kinetics 
An alkaline mediated hydrothermal process was applied to a carbon cloth, increasing the 
number of oxygen containing functional groups. The increase in functional groups did not 
change the surface area, as the increase in capacitance that was observed was attributed to 
pseudo-capacitance from redox reactions of quinone / hydroquinone groups on the surface. 
From cyclic voltammetry little to no change in peak separation for the VO2+ / VO2
+ reaction 
was observed, but there was a noticeable decrease in peak separation for the V2+ / V3+ reaction 
[120]. 
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Chemical treatment of carbon fibers was carried out by boiling graphite felt in highly 
concentrated solutions of sulphuric acid, nitric acid and mixtures of both acids for 3 to 15 hours 
[121]. The felts treated with sulphuric acid alone had the lowest cell resistance, with the 
improvement in performance attributed to the formation of oxygen functional groups at the 
surface. The functional groups C-OH and C=OH were observed via XPS and the following 3-
step reaction mechanism was proposed, Figure 3.1. 
 
Figure 3.1: Reaction mechanism proposed by [121]  to explain the improved kinetic performance of a 
sulphuric acid treated graphite felt electrode.   
The increase in surface oxygen functional groups may have also increased the felt 
hydrophilicity and subsequently the electroactive surface area. 
Electrochemical pre-treatment of carbon fibers is one method that has been carried out to 
influence the performance of carbon based electrodes. One such treatment involved cycling 
carbon fiber micro-electrodes in 1 M Sulfuric acid, with a potential sweep from -1.0 V to 2.0 
V vs a saturated calomel electrode at 20 V s-1 for 5 minutes [122]. The potential limits applied 
enabled the electrode to be oxidised at the higher potentials, before being reduced at the lower 
potentials [123]. The electrochemical pre-treatment was found to improve the heterogeneous 
electron transfer rate for the redox reactions of methylene blue [122].  
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Carbon fiber microelectrodes were used to simplify the complexities involved with kinetic 
analysis of carbon felt materials. Linear sweep voltammetry and electrochemical impedance 
spectroscopy analysis methods were used to calculate the rate constant for the V2+ / V3+ and 
VO2+ / VO2
+ redox couples, as well as the effect on kinetics of electrochemical oxidation and 
reduction. It was found that electrochemical reduction inhibits the kinetics of V2+ / V3+ redox 
couple, but enhances the kinetics of VO2+ / VO2
+. These changes were assigned to inherent 
kinetics of different functional groups, as the capacitance was consistent during testing after a 
pre-treatment procedure was carried out. XPS analysis demonstrated that electrochemical 
oxidation increased the oxygen content on the surface. Interestingly, there was a clear 
difference in treatment potential between activation and de-activation. For instance, 
electrochemical reduction below -0.3 V, relative to a mercury sulfate reference electrode, was 
required to increase the rate constant for the VO2+ / VO2
+ reaction. However, the increased rate 
constant remained until the potential increased to over 0.9 V. The same phenomenon was 
observed for the V2+ /V3+ reaction, with application of electrode potentials over 0.1 V 
increasing the rate constant, but a reduction potential of – 1.3 V was required to reverse this 
improvement. Similar results were observed at a range of different carbon surfaces in other 
work by the same authors [124, 125].  
It is possible to combine different surface treatment methods, for instance graphite felt was 
soaked in 98% sulphuric acid for 5 hours before thermal treatment at 450 oC for 2 hours. An 
increase in COOH groups was observed, with  kinetic performance improvements determined 
from a reduction in peak separation during cyclic voltammetry, with only a minor increase in 
physical surface area, measured by Brunauer–Emmett–Teller theory of gas adsorption (BET) 
[126].  
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 Surface Area and Roughness Effects 
Many of the electrode treatments used to alter surface functional groups also increase the 
electrochemically active surface area of carbon fibers, for instance nitric acid treatment has 
been shown to considerably increase the surface area [105]. Graphite felts were treated in an 
atmosphere of ozone for up to 12 minutes at 25, 160, 180 and 200 °C and compared to thermal 
treatment in air for 5 h at 500 °C. Felt treated in air had a noticeable increase in surface area 
measured by BET, from 1.82 m2 g-1 to 3.05 m2 g-1. Ozone treatment resulted in even more 
pronounced increase in surface area, up to 10.1 m2 g-1. The ozone treatments also increased the 
quantity of oxygen functional groups relative to thermal treatment in air, despite the lower 
process temperature and the shorter duration. The reduction in charge transfer resistance, 𝑅𝑐𝑡 
correlated with the increased surface area, with one felt treated at 180 oC in ozone having an 
𝑅𝑐𝑡  =  0.88 ohm, while the unmodified graphite felt and the graphite felt thermally treated in 
air had higher values of 𝑅𝑐𝑡  =  11.9 and 𝑅𝑐𝑡  =  3.16 ohm. This implies that there was also a 
change in the inherent charge transfer kinetics or an increase in wettability, as the decrease in 
charge transfer resistance for both the thermal treatment in air and ozone was larger than the 
increases in surface area as measured by BET, by a factor of around 2 [127]. 
 Electrode Wettability 
Oxidising a carbon paper electrode with a 1500 mV pulse lead to an increase in the interfacial 
surface area, capacitance and more complete wetting in a V2+ / V3+ electrolyte. The increase in 
capacitance was proportional to an increase in the rate of the vanadium redox reactions at the 
electrode. Applying a larger pulse of more than 1500 mV gave a further increase to the 
capacitance and electrode kinetics, but over time in the V2+ / V3+ electrolyte the effect faded 
[90]. 
  
3 Electrode modifications 
   
37 
 
Electrochemical activation of a graphite disc electrode was carried out by applying potentials 
of 1.5, 1.6, 1.7, 1.8 and 1.9 V for 10 minutes in a solution of 0.1 M VOSO4 dissolved in 3 M 
H2SO4. It is not overly clear what the potential is in reference to, whether it is relative to S.H.E, 
the calomel counter electrode or if it is the cell potential with a platinum counter electrode. A 
modest increase in the rate constant for the positive VRFB redox reaction was observed, from 
1.93 × 10−3 cm s-1 to 2.63 × 10−3 cm s-1, as the treatment potential was increased from 1.5 
V to 1.9 V. The wettability was observed to improve with increasing treatment potential, 
possibly explaining the modest increase in rate constant [128]. 
Carbon paper was etched with chlorosulfonic acid, introducing sulfonic acid groups to the 
surface. Enhanced wettability was observed from a reduction in water droplet contact angle. 
Etching assisted by ultra-sonication improved the wettability further. When the ultrasonicated 
carbon paper was used as a positive VRFB electrode, the charge transfer resistance from EIS 
meaurements was significantly reduced. The improvement in performance may be due to the 
increased electrically active surface area from the enhanced wetting [129]. 
 Electrode Conductivity 
When a carbon felt electrode was electrochemically treated at 2.5 V for 2 hours in a solution 
of 0.2 M VOSO4 dissolved in 2 M H2SO4, a large increase in oxygen content, from 4.12% to 
22.83% was observed. This increase in oxygen led to a large increase in electrical resistance 
from 0.28 Ω cm-2 to 1.3 Ω cm-2. This work compared a number of different graphite-based 
electrodes with and without chemical and electrochemical activation treatments and found an 
optimal oxygen content of 5%, with higher oxygen concentrations increasing electronic 
resistance and charge transfer resistance [130]. 
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 Structural Modifications 
Structural modification is a loose term and there will be numerous methods that could be 
applied to change the surface of carbon based materials. Graphene oxide appears to be a 
popular material used for surface modifications. Often structural modifications involve a 
thermal treatment step, which we know from literature can have a significant influence on 
performance, so it is important to compare modified electrode results to a suitable control.  
 Inherent Kinetics 
Electrodes were prepared from reduced graphite and graphene oxide; however, it is unclear 
what porosity or geometry these electrodes exhibited or if they required a support. The 
graphene obtained from thermal reduction of graphene oxide exhibited better kinetic 
performance than graphene obtained from exfoliation. The improved performance was credited 
to higher electronic conductivity and more residual oxygen functional groups as active reaction 
sites [131]. 
Mesoporous carbon was dispersion coated using a sol-gel process onto PAN-based carbon felt 
and subsequently annealed at 900 to 1100 °C. The sol-gel coating increased the surface area 
and the number of oxygen containing surface functional groups. There was a significant 
increase in peak currents for the positive electrode reaction on the mesoporous carbon felts, 
relative to a thermally treated carbon felt (420 oC for 3 h). This increase was attributed to the 
higher surface area of up to 9.5 times the thermally treated felt. However, the thermally treated 
felt had a smaller charge transfer resistance as measured by EIS and thus there is likely a 
difference in inherent kinetics between the mesoporous surface and the thermally treated 
carbon felt. Additionally, the mesoporous felt may have had lower electronic conductivity, 
further reducing the performance [132]. 
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 Surface Area and Roughness Effects 
Graphite felt was modified by pyrolysing sucrose onto the surface, creating an activated 
charcoal coating. The pyrolysed sucrose increased the surface area to 13.8 m2 g−1 from 6.3 m2 
g−1, as measured by BET. Additionally, the oxygen content was found to have increased 
slightly. An improvement in kinetics was observed from cyclic voltammetry and EIS 
measurements, although the charge transfer resistance reduced by only 20 %. Therefore, the 
increase in physical surface area did not lead to a linear increase in electrically active surface 
area, which would imply a reduction in wettability, or the modified electrode had slower 
inherent kinetics towards the vanadium redox reactions [133]. 
A macroporous graphitic nanoweb of three-dimensionally entangled nanoribbons was 
synthesized for use as an electrode, in contrast to the traditionally used carbon paper or felt 
electrodes. The specific surface area was found to be 213 m2 g-1 from BET measurements, 
which is significantly larger than typical values for carbon felts. Cyclic voltammetry using the 
macroporous nanoribbons electrodes returned smaller peak separation than a commercial 
carbon felt sample. No obvious effort was made to quantify the kinetics or assign the 
improvement to surface area or functional groups, however it seems safe to assume the EASA 
was larger at the macroporous nanoribbons than the carbon felt [134].  
  
3 Electrode modifications 
   
40 
 
 Electrode Wettability 
Highly porous carbon felt electrodes were prepared using a method known as Holey-
engineering [135]. The highly porous carbon felt was found to have improved wettability and 
a 20-fold increase in surface area. This felt demonstrated improved performance for both the 
positive and negative vanadium electrodes, with current densities of up to 300 mA cm−2 
recorded and good stability demonstrated by completing 3,000 cycles at 150 mA cm-2 [136].  
Graphite felt electrodes were decorated with carbon dots using a solvothermal method. The 
modified felts exhibited improved wettability and enhanced catalytic activity, as evidenced by 
a reduction in the peak separation of recorded cyclic voltammetry. Additionally, an increased 
peak current was observed, likely due to the enhanced wettability increasing the electroactive 
surface area [137]. 
 Electrode Conductivity 
Graphene oxide nanoplatelets were prepared using a modified version of the Hummer’s 
method. Presumably these nanoplatelets were deposited onto a polished glassy carbon 
electrode, although this part of the methodology is not explicitly clear. The nanoplatelet 
material showed a 6-fold increase in surface area, relative to glassy carbon, as measured by 
BET. Typically an increase in surface area would result in improved electrochemical 
performance, however the increased area was linked to a large decrease in electronic 






4. EIS at Carbon Fiber Cylindrical Microelectrodes 
 Abstract  
The theoretical mass-transport impedance at cylindrical microelectrodes has been known for 
some time, but an experimental verification is given here for the first time, using carbon fiber 
electrodes taken from a commercial carbon felt. Nonlinear least-squares fitting of the 
impedance spectrum of a redox couple at the reversible potential enables accurate evaluation 
of a composite parameter containing the standard rate constant and mean diffusivity, without 
measuring the fiber diameter, length or area. 
 Introduction  
The use of fiber-based materials in electrochemistry has seen a resurgence recently, with the 
use of carbon felts as electrodes in redox flow batteries and electrospun polymers in emerging 
energy technologies. It is important to be able to characterize individual fibers and relate this 
information to the properties of the assembled material. At the time when microelectrodes were 
being developed, there was an interest in cylindrical microelectrodes [139-144], but they were 
harder to manipulate and there were indications that convection effects disrupted the desired 
radial diffusion [145, 146]. There are reports of fits of cyclic voltammetry and 
chronoamperometry data to numerical simulations involving cylindrical diffusion [140]. The 
mass transport impedance has an analytical solution, but has apparently not been applied to the 
case of long cylindrical microelectrodes, for which the radius is less than the diffusion length. 




 redox couple at individual carbon fibers, and show 
that electrochemical impedance spectroscopy (EIS) enables accurate extraction of the standard 
rate constant.  
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The dc diffusion field between two concentric cylinders has a logarithmic dependence on the 
cylinder radii, Eq. (1), as known for a long time, e.g., from the analogous current distribution 
problem [147].  







Here 𝑟𝛿 and 𝑟0 are the radii of the outer and inner cylinders, 𝐷 is the diffusivity, 𝐽 (𝑟) is the 
radial flux (mol m−2 s −1), and the product 𝑟𝐽 (𝑟) is independent of 𝑟. The case of interest here 
is a large solution volume 𝑟𝛿 → ∞. In that case, the logarithmic factor tends to infinity and so 
the system does not reach a true steady state. However, as in the 1-D semi-infinite case, we 
proceed to solve the ac problem as though there were a steady state, recognizing that the 
impedance will go to infinity at low frequencies. Fleischmann et al. [146] derived the 
impedance for a quasi-reversible redox couple at a cylindrical microelectrode. The solution 
was given as a complicated expression involving the Kelvin functions Kei and Ker. They stated 
that the real and imaginary parts increase to infinity because there is no steady state, but their 
complex-plane plot suggests that the imaginary part tends to a constant value at low 
frequencies. Later, Jacobsen and West [148] gave the solution for the dimensionless mass 
transport impedance in terms of Bessel functions as Eq. (2), where 𝐾0 and 𝐾1 are the modified 













They correctly pointed out that the imaginary part tends to a constant value of −𝜋/4 at zero 
frequency. (The similar case of insertion and diffusion into a cylindrical electrode was earlier 
solved in terms of Bessel functions by Barral et al. [149]). The mass transport impedance in 
usual units is given by 𝑍𝑑 = σ′√𝜏𝑑𝑧, which replaces 𝑍𝑑 = 𝜎′/√𝑖𝜔 for the more usual 1-D 
semi-infinite case.  
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Aside from this substitution, the mass transport impedance is coupled to the reaction kinetics 
in the usual way. For the standard redox reaction and kinetics, Eqs. (4.4,4.5) 
𝑅 ⇌  𝑃 + 𝑒− (4.4) 
𝑗
𝐹
= 𝑘𝑓𝑐𝑅 − 𝑘𝑏𝑐𝑃 (4.5) 
The derivation of the Randles circuit [150, 151] gives 𝜎′ as in Eq. (4.6).  







In coupling the mass transport, and for the rest of the paper, we make the common assumption 
that 𝐷𝑅 = 𝐷𝑃 = 𝐷, and 𝜎′ then reduces to Eq. (4.7), where 𝑘 = 𝑘𝑓 + 𝑘𝑏. It is convenient to fit 












If both species are present in equal concentrations 𝑐𝑏 and their activity coefficients are equal, 
then at the reversible potential the standard rate constant 𝑘0 = 𝑘𝑓 = 𝑘𝑏, and the simple 
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 Materials and Methods 
Single carbon fibers were extracted from a carbon felt sample (GFE1, Ceramaterials, USA) 
and glued to electrical wire using carbon glue. The wire was housed in a glass capillary tube 
and the end sealed with epoxy resin, leaving only the carbon fiber exposed to the electrolyte. 
Data were collected at 23 ± 1°C. SEM images of the felt showed fiber diameters averaging 10 
μm with a standard deviation of 1 μm. Detailed EIS data were collected for two fibers, but the 
results are here reported for a single 3.4 mm long fiber, which had lower EIS noise. The 
solution was 1 mol dm−3 KNO3 with 10.0 mmol dm
−3 each of K3Fe(CN)6 (Vickers Laboratories 
Ltd) and K4Fe(CN)6 (BDH AnalaR). The diffusivities in 1 mol dm
−3 KNO3 were calculated 
from the limiting current reached during steady state polarisation curves on a polished gold 
rotating disk electrode (5 mm diameter, Pine Research Instrumentation), rotated at speeds from 
100 to 600 rpm. The Levich equation was applied to relate the limiting current to the 
diffusivities, which were found to be 8.6 × 10-6 cm2 s−1 for Fe(CN)6
4− and 8.37 × 10-6 cm2 s−1 
for Fe(CN)6
3−. Here we use the mean value 8.50 ± 0.05 × 10-6  cm2 s−1, where the quoted 1𝜎 
error is somewhat arbitrarily estimated so that ± 2𝜎 spans the two measured diffusivities. This 
is similar to the literature mean value in 0.5 mol dm−3 K2SO4 of 8.45 × 10
-6 cm2 s−1 [152]. 
Potentiostatic EIS data were collected with a Gamry 3000 potentiostat, and were fitted to the 
impedance expression Eq. (4.12) for the Randles circuit for cylindrical diffusion and with a 
CPE replacing the double-layer capacitance.  







The complex nonlinear least squares fitting was done using Maple’s NLPSolve routine using 
the nonlinearsimplex option, with a custom calling program that also derives the standard errors 
in the usual way, i.e., from the values of the derivatives of the impedance with respect to the 
parameters at the minimum [153]. No weighting was used.  
  
4 EIS at carbon fiber cylindrical microelectrodes  
45 
 
Fitting failed to converge using the Bessel function expression Eq. (4.2), probably because the 
numerical evaluation of the real and imaginary parts is subject to error. Therefore, the 
expression was replaced by the approximation  




or which the real and imaginary parts have analytical expressions known to Maple. It matches 
the logarithmic dependence on frequency of the real part and constant imaginary part − 𝜋/4 at 
low frequencies and (𝑖𝜔)−1/2 dependence at high frequencies [148] and interpolates between 
them. The relative errors (with respect to Eq. (4.2)) in the real and imaginary parts do not 
exceed 4%. For the fitted data, the resulting systematic error in the parameters can be estimated 
by individually varying the parameters to find the minimum in the residual sum of squares. For 
example, for the 0 V case below, these errors were about 2% for 𝜓, 9% for 𝜏𝑑 and 1% for 𝑅𝑐𝑡. 
The statistical errors given below used the fitted function, but in the plots comparing the 
experimental and theoretical values, the full Eq. (4.2) is shown. The data were analyzed without 
regard to the electrode area, but Figure 4.1 presents data relative to the area, which was 
estimated from the length and the radius determined from 𝜏𝑑 as described below.  
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 Results and discussion  
Figure 4.1 shows impedance spectra at two selected potentials.  
 
Figure 4.1: Impedance spectra for a carbon fiber. Red points are experimental data at the reversible 
potential, blue points are at an overpotential of +0.1 V. Black solid lines are fitted curves; dashed lines 
are extensions into the lower frequency region that was not used in the fit. 
As usual, the high-frequency semicircle in the Nyquist plots arises from the charge-transfer 
resistance and double-layer capacitance. The lower frequency feature is the mass transport 
impedance, which rises to a plateau as predicted. In the case of the reversible potential, at the 
lowest measured frequencies the imaginary part of the impedance decreased again, possibly 
due to convection. At higher overpotentials, the low-frequency region became noisy and this 
decrease was not seen. The value of d determines the frequency at which the rise to the plateau 
occurs and the value of determines the height of the plateau. 
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At the reversible potential, the fitted parameters were 𝜓 = 5.28 ± 0.07 𝑠−1/2, 𝜏𝑑 = 13.7 ±
0.4 𝑚𝑠, 𝑅𝑐𝑡 = 6470 ± 30 Ω, 𝑌0 = 56 ± 2 𝑛𝐹 𝑠
1−𝜙, 𝜙 = 0.843 ± 0.003 and 𝑅𝑢 = 790 ±
9 Ω. Using Eq. (3), the radius of the fiber was estimated from the values of 𝜏𝑑 and the mean 
diffusivity (Section 2) to be 3.42 ± 0.05 μm. The standard rate constant calculated from Eq. 
(4.9) is 𝑘0 = 7.70 ± 0.11 × 10-3 cm s-1. The value of 𝑅𝑐𝑡 at the reversible potential can then be 
estimated from Eq. (4.10) to be 3.4 Ω cm2. The errors in 𝑘0 and 𝑟0 are dominated by the fitting 
errors in 𝜓 and 𝜏𝑑 respectively, and not the error in the mean diffusivity. The quoted errors are 
fitting errors only, and a more extensive study of many fibers will be required to clarify 
systematic errors. As in impedance methods for other geometries, no measurement of the 
surface area of the fiber is required. If the measured area is available, then a consistency check 
may be carried out by comparing 𝑅𝑐𝑡 above with the directly fitted 𝑅𝑐𝑡 in Ohms multiplied by 
the area. In the present case, the area was estimated from the radius found above and the known 
length, which gives 𝑅𝑐𝑡 = 4.7 Ω cm
2. Instead of starting with a known mean diffusivity, an 
alternative approach to this analysis would be to use the measured radius to estimate the 
diffusivity, and in turn the rate constant. Literature standard rate constants for the Fe(CN)6
3−/4−
  
system vary widely depending on the solution, the type of carbon surface and the surface 
pretreatment, and span the range 0.005 - 0.5 cm s-1 [154]. For the fastest rate constants (> 0.1 
cm s-1) an activation procedure is generally required [155]. Lower values similar to that 
obtained here are typically obtained for unactivated surfaces such as regularly polished glassy 
carbon 0.005 cm s-1 [154, 156] or carbon paste 0.001 - 0.007 cm s-1 [157]. The analysis here 
assumes smooth surfaces, or at least a roughness scale small compared to the radius, in which 
case the true rate constant is the quoted value divided by the roughness factor, and the radius 
determined will be an average value. The effective double-layer capacitance calculated from 
the Brug formula (Eq. (8.12), Ref. [150]) is small, 12 µF cm s-2, similar to literature values 
[140, 158] for untreated fibers. Much higher capacitances are found for activated and severely 
roughened surfaces, for which the effective radius may underestimate the true radius [140].  
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A distribution of rate constants is expected for the different fibers in a carbon felt [159-161], 
and the present method can be useful in determining the variation in rate constants. For the 
type of fibers used here, numerical modeling of voltammograms gave standard rate constants 
for 13 fibers with a mean of 7.3 × 10-3 cm s-1 and a standard deviation of 4.7 × 10-3 cm s-1. The 
individual determinations by the impedance method were more accurate. Measurements were 
also carried out away from the reversible potential. These could also be fitted to the same 
impedance expression, but the high-frequency semicircle and the mass-transport feature were 
less well resolved, which led to higher errors in 𝜏𝑑 and the other parameters. Allowing for the 
larger errors, the parameters 𝜏𝑑 , 𝑌0, ∅ and 𝑅𝑠 did not depend much on potential as expected. 
The parameters 𝑅𝑐𝑡 and 𝜓 are expected to be potential dependent, and although they were 
higher for higher overpotentials, the potential dependence was weak. Simulations showed that 
the potential dependence did not fit the expectations of a simple one-electron reaction with 
Tafel-like potential dependence of rate constants. Non-ideal behavior for the Fe(CN)6
3−/4−
 
system at C electrodes has been seen before and attributed to adsorption [162] or other 
interactions with the surface [155]. In the specific case of KNO3 solutions, Fletcher and Varley 
saw Tafel slopes as low as 62 mV/decade and invoked a chemical step [163]. Another 
possibility is electrode aging due to deposition of a film, which limits electron transfer and 
reduces the potential dependence, though the constancy of the double-layer parameters argues 
against this mechanism. We also note that measurements away from the reversible potential 
can be affected by ohmic drop along the fiber itself, which has a resistance of the order of 400 
Ω mm−1. Another possibility is that convection, which dogged early experiments with 
microcylindrical electrodes, is operating at higher overpotentials, where a dc concentration 
gradient is present in solution. Unlike other methods, EIS can fully determine the standard rate 
constant without significant excursions away from the reversible potential. There is therefore 
no requirement for a dc concentration gradient, only an ac one, for which modern instruments 
excel at noise rejection. The resolution of this issue is outside the scope of the present work, 
where good results were always achieved for pristine fibers at the reversible potential.  
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 Conclusions  
The Bessel function form for the impedance of the cylindrical diffusion problem was 
experimentally verified for the first time by nonlinear least-squares fitting to impedance data 
measured for the Fe(CN)6
3−/4−
 redox system at carbon fiber electrodes. Accurate results were 
facilitated by fitting directly to an approximation of the theoretical expression for the 
impedance. By making the combined parameter 𝑘/√𝐷 one of the fit parameters, the need for 
error propagation was minimized and the rate constant could be accurately found. Provided the 
mean diffusivity is known, this method does not require measurements of the electrode length, 
radius or area.  
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5. Single Fibre Electrode Measurements - a Versatile 
Strategy for Assessing the Non-Uniform Kinetics at 
Carbon Felt Electrodes. 
Abstract 
Redox flow batteries (RFBs) are a promising technology for the storage of intermittent 
renewable energy. Graphite and carbon felts electrodes are commonly used in RFBs as they 
typically exhibit good conductivity, high liquid permeability, high surface area and are 
relatively inexpensive. The electrochemical performance of carbon felts is commonly tested 
by calculating the energy efficiency for charge-discharge cycles of electrochemical cells 
containing the felt electrodes. This method whilst useful does not provide a direct measure of 
the kinetics of the redox reactions at the electrode surface. Furthermore, the standard 
electrochemical methods (e.g. cyclic voltammetry) commonly used to determine the electron 
transfer kinetics cannot be easily applied to carbon felt electrodes due to the complex mass 
transport behaviour within the porous felts. In this work we have shown that kinetics at carbon 
felts can be determined by performing cyclic voltammetry on single carbon fibre electrodes 
extracted from the carbon felt. This approach avoids the complex mass transport behaviour 
while also providing a method to determine the distribution of rate constants within a carbon 
felt electrode. By combining this measured rate constant distribution with the void size 
distribution of the carbon felt, the cyclic voltammetry of carbon felt electrodes can be 
successfully simulated over a wide range of sweep rates. Importantly, this approach highlights 
the necessity of accounting for the rate constant distribution within carbon felt electrodes. 
  




Redox flow batteries are a good option for large-scale storage of renewable energy and are 
being deployed at an increasing scale [32, 35]. One of the major advantages of RFBs over other 
battery technologies is that the electrodes are inert, so have little to no degradation over time 
or number of charge-discharge cycles under normal operating conditions. Traditionally, RFBs 
use carbon or graphite felt electrodes as they are stable, conductive and relatively low cost [46, 
164, 165]. However the electrochemical performance of these electrodes for the desired 
reactions can be poor, with current densities typically below 200 mA cm-2, compared to fuel 
cells which can operate at 1500 mA cm-2 or more [166]. Increased current density would enable 
cost reductions, as the cell stack in RFBs contributes significantly to the overall capital cost of 
the battery, where the quantity of expensive ion exchange membranes required to achieve a 
target power output is proportional to the power density of the cell [80]. Therefore, improving 
battery performance by increasing the current density will positively influence the economic 
viability of these batteries. 
RFB electrode performance depends on many factors: wettability, electrical conductivity, 
surface area, hydrodynamics, and inherent kinetics of the electrode reactions. It is often hard 
to decouple these factors in order to understand their role in overall RFBs performance. For 
example, while the thermal pre-treatment of carbon felts has been suggested to improve the 
reaction kinetics [167], the improved performance of the electrodes may also be due to an 
increase in the wettability of the carbon felt or to an increase in surface roughness [90].  
For some electrodes, it is relatively easy to determine the kinetics of redox reactions using 
cyclic voltammetry. For instance, the standard heterogeneous rate constant for a redox reaction 
at a semi-infinite planar electrode assuming 1D diffusion can be determined from the peak 
potential separation [168]. This approach has been used to qualitatively compare the reaction 
kinetics on different carbon felt electrodes [169-171]. Whilst the rate constant will influence 
the peak potential separation, determining the rate constant from these measurements is very 
challenging due to the complex mass transport behaviour within these electrodes. Electrode 
porosity and surface roughness lead to complex diffusion domains which alter measured cyclic 
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voltammograms [172-176]. These effects may explain the wide range (four orders of 
magnitude) in the reported standard heterogeneous rate constants obtained at carbon felt 
electrodes for the redox reactions that occur in vanadium redox flow batteries [177]. Recently, 
others have overcome these challenges by modelling carbon felt as a system of micro-cylinder 
electrodes to allow the rate constant to be determined using cyclic voltammetry at carbon felt 
electrodes [178]. While this approach is very promising, as the rate constant and felt void size 
distribution influence the voltammograms in a similar way, a manual fitting procedure was 
required in that work [178] and it was assumed that the rate constant was a fixed value 
throughout the felt.  
In this work, to quantify the influence of non-uniform kinetics at carbon felt electrodes, the 
electron transfer kinetics of the ferri/ferrocyanide redox couple are measured directly at 12 
single carbon fibre electrodes extracted from a carbon felt sample. Ferri/ferrocyanide was used 
as a model redox couple for this work as has a standard redox potential which is far from the 
hydrogen and oxygen evolution potentials, and thus these reactions do not interfere with the 
data analysis. The advantage with using single fibre electrodes extracted from felt, is that the 
standard heterogeneous rate constant is determined at an electrode with the identical surface 
chemistry as found in the felt, without the complex mass transport behaviour. Importantly, for 
the first time, the distribution of rate constants for a felt sample is determined and then used 
along with the measured void size distribution to successfully model cyclic voltammograms at 
the carbon felt electrode.   
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 Experimental Methods 
Electrochemical experiments were carried out using solutions of K4Fe(CN)6 (BDH AnalaR) 
and K3Fe(CN)6 (Vickers Laboratories Ltd) dissolved in 1 M KNO3. For single fibre electrode 
measurements, concentrations of 10 mM K4Fe(CN)6 and 10 mM K3Fe(CN)6 were used. This 
concentration was chosen to increase the faradaic current measured at these small electrodes. 
When using carbon felt electrodes, as the total surface area was much larger, 0.1 mM 
K4Fe(CN)6 and 0.1 mM K3Fe(CN)6 were used to ensure that the total current and thus 
uncompensated ohmic resistance was minimised.  
A standard three electrode configuration was employed for all electrochemical measurements, 
using a Gamry 3000 potentiostat. Dissolved oxygen was purged prior to each experiment by 
bubbling argon through the electrolyte, and an inert atmosphere was maintained above the 
electrolyte during all measurements. The temperature of the cell was maintained at 23 ± 1oC.  
Single carbon fibre electrodes were fabricated using a procedure similar to those reported in 
literature [179, 180]. Briefly, single carbon fibres from carbon felt (GFE-1, Ceramaterials, 
USA) were attached to copper wire using electrically conductive carbon glue. This contact was 
then sealed in epoxy resin to ensure that only the carbon fibre was exposed to the electrolyte. 
Carbon fibre electrodes were 3-5 mm in length. For the carbon felt electrodes, a section of the 
same felt, measuring 1 cm by 1 cm with a thickness of 3.5 mm, was held in a 3-D printed holder 
with only the 1 cm2 front face open to the electrolyte. Electrical contact to the felt was made 
using a glassy carbon plate attached to a conductive wire insulated from the electrolyte using 
epoxy resin.  
The resistance between the working and reference electrodes was quantified using 
electrochemical impedance spectroscopy (EIS), measured at the open circuit potential with a 
10 mV rms sinusoidal potential excitation at frequencies between 1 MHz and 1 Hz. 80% of the 
resistance measured by EIS was corrected for using positive feedback compensation during 
cyclic voltammetry at the carbon felt electrodes, with the remaining 20% used to correct the 
data after the measurements were complete.  
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The diffusion coefficient for Fe(CN)6 
3- and Fe(CN)6 
4- was calculated from the limiting 
currents obtained from steady state voltammograms at a glassy carbon electrode, rotated at 
rates from 100 to 600 rpm. The Levich equation was applied to relate the limiting current to 
the diffusion coefficient and the average value (8.35 × 10−6  ± 0.05  cm2 s-1) was used for 
both redox species for ease of modelling. This value is in agreement with those reported in 
literature [152].  
Measured currents are reported as current densities to allow for easy comparison against other 
works. For single carbon fibre electrodes, the area was calculated by assuming that the 
electrode was a perfect cylinder of 10 µm diameter (based on SEM analysis), with the length 
measured using an optical microscope. For the felt electrodes, the area used to determine the 
current density was the cross sectional area of the front face (1.00 ± 0.02 cm2). Based on the 
micro-CT and SEM imaging, the total surface area of the fibres within a 1 x 1 cm felt samples 
is estimated to be 86.2 cm2. When simulating the cyclic voltammetry at felt electrodes, the total 
surface area (Atot= 86.2 cm
2) is used, with the results reported as current densities based on the 
projected surface area (1 cm2). 
The morphology of the carbon felt sample was investigated using a Bruker SkyScan1272 X-
ray micro-CT scanning unit. The distance from the camera and object to the source were 274.5 
mm and 18.7 mm respectively, with a source voltage and current of 42 kV and 143 µA. Images 
were taken in slices with a resolution of 0.50 µm per pixel. From the 2D image slices, the total 
void volume and void size distribution of the felt was calculated using imageJ image processing 
software, by identifying the area of the slice taken up by fibres.  
  




Numerical models were used to simulate the cyclic voltammetry at single carbon fibre and 
carbon felt electrodes. For the single carbon fibre electrodes, a 1D partial differential equation 
model was developed in cylindrical coordinates, with the surface of the fibre assumed to be 
homogenous, so that a single standard heterogeneous rate constant (k0) could be used.  
The partial derivatives were solved via a system of ODEs using the method of lines and the 
ode15s solver in Matlab, with the electron transfer rate following Butler-Volmer kinetics.  
The change in concentration of the oxidised and reduced species with respect to time is 












where 𝐼 can be either the oxidised species 𝑂 or the reduced species 𝑅, r is the radial position 
relative to the centre of the carbon fibre. 
To solve the system, two boundary conditions were defined at the bulk and at the surface. At a 
large and arbitrary distance from the electrode (r*) the bulk concentration was assumed to be 
constant and equal to the initial solution concentration, and thus the bulk boundary condition 
was defined as: 





= 0 (5.2) 
The surface boundary condition was defined by equating the change in concentration at the 
surface to the reaction rate at the surface: 
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where 𝑟𝑒 is the radius of the electrode, 𝐶𝑂,𝑒 is the concentration of the oxidised species at the 
electrode surface, 𝐶𝑅,𝑒  is the concentration of the reduced species at the electrode surface., 𝑘
0 
is the rate constant, 𝛼 is the charge transfer coefficient, 𝑛 is the number of electrons exchanged 
(equal to one for this reaction), 𝐹 is the Faraday constant, 𝑅 is the universal gas constant, 𝑇 is 
the absolute temperature, 𝜂 is the activation overpotential and 𝐷 is the average diffusion 
coefficient of the redox species. 











in Eq. (5.3). 
In this work only one parameter, k0 was altered in order to obtain an accurate fit for the single 
carbon fibre electrodes. The electrode length was measured and the fibre diameter was assumed 
to be equal to the average from SEM imaging. The diffusion coefficients were calculated from 
LSV measurements and the temperature recorded during the experiment, thus the only two 
variables that were unknown were α and k0. With this redox couple it can be seen that the peak 
currents for the forward and reverse sweeps are very similar, thus α is likely to be close to 0.5. 
For ease of fitting α was fixed at 0.5 and only k0 was manipulated, which is similar to the 
approach used by McCreery, where α was also assumed to be 0.5 [89].  
In this work the fitting was carried out using an automated and simple bisection root finding 
method in Matlab. The initial upper and lower k0 values for the solver were set to 0.1 cm s-1 
and 0.0001 cm s-1 respectively, with the difference between the experimental and the simulated 
peak potential separations minimised to within a tolerance of 0.5 mV. Obtaining an accurate 
fit by minimizing the difference in peak separation is the logical choice in this work due to the 
correlations previously reported by Aoki and Kaneko [142] and Neudeck and Dittrich [181].  
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The uncertainties were estimated by finding the k0 values at which the simulated peak 
separation differed from the experimental peak separation by more than 2 mV, providing upper 
and lower limits for the rate constant (Table 5.1).  
Table 5.1: Fitted rate constants from simulated voltammograms recorded at 200 mV s-1 at single carbon 
fibre electrodes in 10 mM ferricyanide and 10 mM ferrocyanide. 
Fibre k0 
# (cm s-1) 
1 0.0098 ± 0.0003 
2 0.0160 ± 0.0006 
3 0.0087 ± 0.0002 
4 0.0100 ± 0.0003 
5 0.0097 ± 0.0002 
6 0.00160 ± 0.00003 
7 0.0064 ± 0.0002 
8 0.0123 ± 0.0001 
9 0.0100 ± 0.0003 
10 0.0027 ± 0.0002 
11 0.00096 ± 0.00003 
12 0.00140 ± 0.00002 
Average 0.0075 ± 0.0030 
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To simulate the cyclic voltammetry of the carbon felt electrodes, the approach of treating the 
carbon felt electrode as an array of micro-cylinders was adopted [178]. This model treats the 
carbon felt as an array of micro-cylinders with a no-flux boundary condition imposed at a set 
distance from the fibre surface, with the distance chosen to reflect the inter-fibre spacing within 
the felt. Here each carbon fibre within the felt is modelled in the same way as the single fibres 
in a bulk solution, but with a no-flux boundary condition imposed at a set distance from the 
fibre surface instead of a constant concentration boundary condition. In practice the Neumann-
Boundary equations are the same, but as the radii of the void size distribution measured by x-
ray computed tomography are much smaller than the arbitrarily large radius imposed for the 
single fibre simulations. The concentration of redox species at the boundary changes during 
the cyclic voltammetry simulation.  
In our work the cyclic voltammograms were simulated at 10 discrete void sizes, with the 12 
discrete rate constants found from experimental results on single fibres. In total 120 different 
cyclic voltammograms were computed at each sweep rate, each with a unique combination of 
void size and rate constant. The voltammetry of the felt was taken as the sum of these 
voltammograms, where the current was weighted by the fraction of the felt represented by each 
void size. The void size distribution was calculated from micro-CT imaging measurements of 
the felt (see section 5.2).  
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 Results and Discussion 
The cyclic voltammetry of ferricyanide / ferrocyanide at the carbon felt electrode shows a pair 
of broad redox peaks centred around 0.27 V vs Ag|AgCl (Figure 5.1a). At 100 mV s-1 the 
potential peak separation (Δ𝐸𝑝) for this redox couple is 77 mV, compared to the reversible limit 
of 59 mV for a planar electrode with semi-infinite diffusion. The relatively small ∆𝐸𝑝 value of 
77 mV could lead to the assumption that the redox reaction is relatively fast [172, 182]. 
However at slower scan rates, Δ𝐸𝑝 decreases to values significantly smaller than 59 mV (Figure 
5.1b) and it is clear that the complex mass transport within the porous network in the carbon 
felt must be understood before attempting to extract information about the kinetics of the redox 
couple.  
 
Figure 5.1: a) Cyclic voltammetry of a carbon felt electrode in 0.1 mM K4Fe(CN)6 and 0.1 mM 
K3Fe(CN)6 dissolved in 1 M KNO3, at a sweep rate of 100 mV s
-1. The potential was compensated for 
ohmic resistance as outlined in the Experimental section.  b) Peak separation dependence on sweep 
rate for porous carbon felt electrode in 0.1 mM K4Fe(CN)6 and 0.1 mM K3Fe(CN)6 dissolved in 1 M 
KNO3. 
The cyclic voltammograms obtained here are similar to those reported by others using carbon 
felt electrodes under similar conditions [178, 183, 184], and are a result of the contribution of 
thin-layer like behaviour within the voids of the carbon felt. This behaviour arises when the 
concentration of one of the redox species is completely depleted within the void volume 
surrounding each of the fibres in the felt electrode, resulting in Δ𝐸𝑝 values approaching the 
theoretical value of 0 mV when the scan rate is very slow.   
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For some porous electrodes, it is possible to find two distinct pairs of peaks from a redox couple 
with only a single electron transfer process due to the differing transport behaviour within the 
porous electrode and between the outer electrode surface and the bulk electrolyte [175]. 
However, as the felt electrode is thick in this case (3.5 mm), the voltammetric response of the 
felt electrode is dominated by the redox reaction within the felt, with diffusion between the 
outer surface of the felt and the bulk electrolyte expected to have only a minor contribution, as 
seen later in this work.  
The complex mass transport behaviour within felt electrodes can be avoided by performing 
cyclic voltammetry at a number of single carbon fibres extracted from the felt. Others have 
shown that kinetics of redox reactions can be measured and the cyclic voltammetry simulated 
at micro cylindrical electrodes [142, 181, 185-187]. Aoki et al. [142] originally demonstrated 
that the peak separation from cyclic voltammetry can be related to the rate constant at a 
cylindrical electrode, however they determined that the relationship between peak separation 
and experimental conditions for quasi-reversible cases was too complex to be expressed with 
simple equations. Neudeck et al. [181] showed that using non-linear regression approximate 
values for the rate constant and diffusion coefficient can be calculated from experimental cyclic 
voltammograms at cylindrical electrodes.  
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In the present work, the cyclic voltammograms recorded at these single carbon fibre electrodes 
can then be modelled assuming that the mass transport is controlled by semi-infinite cylindrical 
diffusion in 1D, allowing electron transfer rate constants to be obtained for each fibre. Figure 
5.2 demonstrates that a good fit can be obtained between experimental and simulated 
voltammograms under these conditions.  
 
Figure 5.2: Comparison of a typical experimental cyclic voltammogram obtained at a single carbon 
fibre electrode with a simulated cyclic voltammogram calculated to achieve the best fit. Cyclic 
voltammetry recorded at 200 mVs-1 in a solution of 10 mM ferricyanide and 10 mM ferrocyanide. 
For the example in Figure 5.2, the rate constant determined for the single carbon fibre 
(𝑘0 = 0.0111 cm s-1) compares well with the rate constant measured at a polished GC electrode  
(𝑘0 = 0.0096 cm s-1) in the same solution, and is similar to that measured on other carbon 
electrodes [154] and identical fibres measured by EIS [188]. This value is also very similar to 
that reported by Neudeck and Dittrich [181] at carbon micro-cylindrical electrodes (k0 = 
0.00998 cm s-1).  
Importantly, by repeating these measurements on 12 single fibre electrodes, multiple rate 
constants were found (average 𝑘0 = 0.0075 ± 0.0030 cm s-1) which is likely due to the 
heterogeneous nature of carbon felt [159, 160] (Table 5.1).  
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In order to use these measured rate constants to simulate cyclic voltammetry at carbon felt 
electrodes, the void size distribution was determined by taking 3,100 2D slices every 0.5 µm 
from micro-CT imaging of the carbon felt (Figure 5.3a). The predominant direction of fibers 
was normal to the slice direction and for each slice a void size distribution was calculated by 
finding the average distance between each fibre within each slice using image analysis 
(ImageJ). These average distances were converted to equivalent void diameters and then 
overall felt void size distribution was then calculated as an average of the distributions from 
each slice. The void size distribution was discretised by finding the fraction of voids within 
each 10 µm diameter increment (Figure 5.3b). This experimentally determined void size 
distribution is similar to those reported by others who also used micro-CT imaging on carbon 
felt electrodes, although the felt type and analysis method differed [178, 189].  
 
Figure 5.3: a) CT image of carbon felt; b) void diameter distribution: felt area is defined as the 
fractional area of fibres within the felt within a given void diameter range; c) representation of how the 
void diameters were calculated from the micro-CT slices 
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Using kinetic parameters measured at single carbon fibre electrodes and the void size 
distribution measured by CT imaging, the cyclic voltammetry of carbon felt electrodes was 
simulated using the numerical model described above (Section 3) and compared to 
experimental measurements over a range of sweep rates (Figure 5.4). It is important to note 
that simulated cyclic voltammograms describe the experimental data very well without 
requiring the use of any unconstrained fitting parameters (all inputs for the model were 
determined from CT and SEM imaging and the single fibre electrode measurements).  
 
Figure 5.4: Simulated cyclic voltammetry compared to experimental results in a solution of 0.1 mM 
ferricyanide and 0.1 mM ferrocyanide, at sweep rates of, a) 20 mV s-1 b) 50 mV s-1 c) 200 mV s-1. The 
simulated cyclic voltammograms use the calculated void distribution (Figure 3b) and the measured rate 
constant distribution (Table 5.1). 
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Discrepancies between the simulated and experimental cyclic voltammograms can be seen in 
the non-peak regions in Figure 5.4c, even after both the void size distribution and rate constant 
distribution have been considered. This is likely due to the electrode capacitance, which is not 
included in the model. The fraction of capacitive current relative to the faradaic current from 
the redox reaction increases as the sweep rate increases. Because of this, there is poorer 
agreement between the simulated and measured voltammograms in the non-faradaic regions as 
the sweep rate increases. The presence of capacitance has also been shown to alter the peak 
separation, voltammogram shape and peak current at planar electrodes, particularly at faster 
sweep rates and this likely contributes to the discrepancies observed in (Figure 5.4c)  [190].  
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To illustrate the combined influence of the void size and rate constant distributions, an 
experimental cyclic voltammogram was compared to simulations based on four different 
combinations of parameters. These were the average void diameter size (40.8 µm) and average 
rate constant (0.0075 cm s-1) (Figure 5.5a); the measured void size distribution and the average 
rate constant (Figure 5.5b); the average void size and the rate constant distribution (Figure 
5.5c); and the measured void size and rate constant distribution (Figure 5.5d).  
 
Figure 5.5: Comparison of experimental and simulated cyclic voltammograms, calculated using 
different combinations of parameters. The experimental cyclic voltammograms were obtained at a 
carbon felt electrode in a solution of 0.1 mM ferricyanide and 0.1 mM ferrocyanide, at a sweep rate of 
100 mVs-1, compensated for ohmic resistance as outlined in Experimental section. a) Modelled using 
the average void diameter and average rate constant (40.8 μm and 0.0075 cm s-1). b) Modelled using 
the calculated void distribution (Figure 5.3b) and the average rate constant. c) Modelled using the 
average void diameter and the measured rate constant distribution. d) Modelled using the calculated 
void distribution and the measured rate constant distribution. 
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The simulation results clearly show that the void size distribution has a significant effect on 
the cyclic voltammetry of the porous carbon felt electrode, (compare Figure 5.5a to Figure 5.5b 
and Figure 5.5c to Figure 5.5d). This is because the carbon fibres in the felt which are spaced 
furthest apart behave like single carbon fibre electrodes with semi-infinite cylindrical diffusion, 
and thus these fibres give a relatively large Δ𝐸𝑝  (Figure 6a, red lines). Conversely, the fibres 
which are spaced closer together, behave more like thin-layer electrodes, with a smaller Δ𝐸𝑝 
(Figure 5.6a, black lines). When these effects are combined with the measured void size 
distribution, the peaks on the simulated cyclic voltammogram broaden, and the peak separation 
is dominated by the fibres located within voids of diameter around 20 to 40 µm (Figure 5.6b, 
black lines).  
 
Figure 5.6: Simulated cyclic voltammograms at felt electrodes, using the average rate constant  
(0.0075 cm s-1) with different void diameters in a solution of 0.1 mM ferricyanide and 0.1 mM 
ferrocyanide, at a sweep rate of 100 mV s-1. a) Cyclic voltammograms for felts with different void sizes 
but equal electroactive surface areas. b) Cyclic voltammograms for felts with different void sizes 
weighted by the fractional surface area calculated from the void size distribution. 
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To investigate the importance of the measured rate constant distribution, an average rate 
constant which provides the best fit between the model and measured voltammograms at 
carbon felt electrodes was determined as a function of sweep rate (Table 5.2). 
Table 5.2: Rate constants found by fitting the carbon felt electrode model to measured voltammograms, 
assuming a single rate constant and the previously shown void size distribution.  
Sweep Rate Fitted Rate Constant 
(mV s-1) (cm s-1) 
20 0.0045 ± 0.0005 
50 0.0057 ± 0.0005 
100 0.0060 ± 0.0005 
200 0.0063 ± 0.0004 
500 0.0068 ± 0.0003 
1000 0.0071 ± 0.0002 
 
The values in Table 5.2 were obtained by fitting the peak potential separation from a felt 
electrode, with only one rate constant. The fitting method was the same as that used for the 
single fibres, with the fitting procedure (bisection method) minimizing the difference between 
the experimental and simulated peak separation by varying k0. The fits show that the calculated 
average rate constant increases as a function of sweep rate. However, as the rate constant should 
be independent of sweep rate, we conclude that rather than an average rate constant, a rate 
constant distribution is required to account for behaviour over a wide range of sweep rates.  
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The largest influence of the rate constant distribution on the cyclic voltammetry occurs at high 
sweep rates where the void size distribution becomes less important. This can be seen by 
simulating cyclic voltammetry at 1000 mV s-1 at single fibre electrodes contained within 
cylindrical voids.  
 
Figure 5.7: Simulated results of cyclic voltammograms at fibres in a solution of 0.1 mM ferricyanide 
and 0.1 mM ferrocyanide, at a sweep rate of 1000 mVs-1. a) using the average rate constant (0.0075 cm 
s-1) with different void diameters. b) 60 μm void modelled with a selection rate constants (in cm s-1) 
from Table 1. 
These simulations show that the voltammetric response starts to become independent from the 
void diameter at diameters greater than 40 µm (Figure 5.7a). This is because the diffusion layer 
thickness only grows to around 20 µm from the fibre surface and thus fibres in voids with 
diameters greater than around 40 µm are not affected by the no-flux condition at the void 
boundary. However, as expected, the cyclic voltammograms of fibres in voids with large 
diameters are still clearly influenced by the rate constant (Figure 5.7b); thus including the rate 
constant distribution when modelling carbon felt electrodes is most important at high sweep 
rates. 
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As the influence of void size on the cyclic voltammetry at a felt electrode decreases as the 
sweep rate increases, a felt electrode will approach the average single fibre electrode as the 
sweep rate increases. Therefore, the rate constant determined by fitting a model which assumes 
a single rate constant and a void size distribution should also approach the average rate constant 
determined from measurements at multiple single fibre electrodes. This is indeed found in this 
work, with the best fit single rate constant obtained for cyclic voltammograms measured at 
1000 mV s-1 for the carbon felt electrode (0.0071 cm s-1, Table 5.2) agreeing very well with 
the average value calculated from 12 single fibre electrode measurements (0.0075 ± 0.0030 cm 
s-1, Table 5.1). 
The model used to describe the voltammograms at carbon felt assumes that the reaction 
occurring on the outer face of the electrode can be excluded from the calculation. To confirm 
that this assumption is reasonable, the charge transferred between the felt electrode and the 
redox couple within the felt was calculated based on the felt parameters and compared to the 
experimental results.  For a total felt volume of 0.35 cm3, void volume fraction of 0.938 and 
with the felt initially containing 0.1 mM ferricyanide and 0.1 mM ferrocyanide, complete 
transformation between the two forms of the redox couple would result in 6.4 mC of charge 
passed. The anodic and cathodic charge was measured from cyclic voltammograms obtained 
at 50 mV s-1 as 6.2 and 5.9 mC respectively, suggesting that the voltammetric response of the 
felt is dominated by the redox reaction within the felt and that the model can safely exclude the 
contribution of the outer surface.   
  




We have presented an innovative approach to quantify the kinetics at single carbon fibre 
electrodes using experimental results and a simple 1D computational model. Using this 
method, the rate constant for the ferricyanide and ferrocyanide redox reaction was calculated 
at 12 different carbon fibres extracted from the same sample of carbon felt. These 
measurements demonstrated that there were non-uniform kinetics within the carbon felt 
electrode. Using the experimentally determined rate constant distribution and void size 
distribution of the carbon felt electrode, it is then possible to accurately simulate cyclic 
voltammograms at the felt electrodes over a wide range of sweep rates. Importantly, while it is 
possible to fit the cyclic voltammograms obtained at a single sweep rate to the model using a 
void size distribution and a single rate constant, it is found that the fitted rate constant varies 
as a function of sweep rate, highlighting the necessity of accounting for the rate constant 
distribution in these electrodes.  
This new method provides researchers with a more detailed means to quantify the performance 
of carbon felt electrodes, including the distribution of rate constants in a felt sample. 
Quantifying the kinetics and rate constant uniformity of the carbon felt electrodes will make it 
significantly easier to identify and design effective carbon felt modification methods for RFB 
applications.  
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6. Using Individual Carbon Fiber Electrodes to Quantify 
Effects of Thermal Activation 
Abstract 





redox couple was measured on four different carbon fiber materials, before and after thermal 
activation. Thermal activation was carried out in air for 60 minutes at 450 oC, with up a 38 x 
increase in capacitance. This showed that the electrochemical active surface increases upon 
thermal treatment. The apparent rate constant was measured by cyclic voltammetry and 
electrochemical impedance spectroscopy. It was found that for the largest rate constants, 
accurate and precise measurements require the use of electrochemical impedance spectroscopy. 
The apparent rate constant increased after thermal activation for all fibers, by up to a factor of 
20,000. For this redox couple the rate constant depends on the surface functionality as well as 
the electrochemically active surface area, as the increase in the apparent rate constant was much 
larger than the increase in capacitance.  
  




Grid-scale energy storage is required to enable increased deployment of intermittent renewable 
energy sources, such as solar and wind generation [191]. Vanadium redox flow batteries have 
the potential to store large amounts of energy, as the stored energy can be scaled independently 
of the batteries power output [35]. Graphitic carbon felts are typically used as the positive and 
negative electrodes, owing to their low cost, conductivity, and favourable surface area / 
porosity and are mostly inert at the applied potentials during normal operation [192]. However, 
VRFB performance can still be limited by a number of properties, including poor wettability 
and electrochemical activity [48, 193, 194]. 
To improve the performance of the graphite felt electrodes in VRFB, the felt is typically 
activated or pre-treated with a range of different methods. These methods include but are not 
limited to oxygen plasma [195, 196], thermal treatment [197-199], electrochemical [91, 200], 
wet chemical [201], hydrothermal [202], corona discharge [164], hydrogen peroxide [164, 196] 
and gas-phase modification [203]. 
The area of an electrode can be calculated from the electric double layer capacitance, 𝐶𝐷𝐿 if 
the specific capacitance, 𝑐𝐷𝐿 is known. However, the 𝑐𝐷𝐿 of carbon surfaces can vary 
significantly depending on the nature of the material. For highly ordered pyrolytic graphite 
(HOPG) the 𝑐𝐷𝐿 of the basal plane is 2 μF cm
-2, 60 − 70 μF cm-2 for the edge plane and 24 −
36 μF cm-2 for glassy carbon (GC) [204, 205]. The 𝑐𝐷𝐿 of the basal plane value is low in part 
due to its partial semiconducting nature [204].  
Felt samples made by the same manufacturer, using the same production methods, but from 
different production runs (termed a charge in the cited work) varyied in their response to 
thermal activation [159, 206]. For instance, it was found that charge B had a higher rate of 
mass loss over the tested temperature range (400-575 oC) by approximately one order of 
magnitude compared to charge A, even though the bulk physical properties (proportions of X-
ray amorphous carbon, graphitic phases, ash content and crystal lattice parameters) of both 
charges were very similar.  
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The untreated felts of both charges had a similar 𝐶𝐷𝐿  of 40 mF g
-1, however the 𝐶𝐷𝐿 of charge 
B reached 266-300 mF g-1 at the highest treatment temperature of 575 oC. Meanwhile the 𝐶𝐷𝐿 
of charge A increased steadily reaching only 151 -277 mF g-1 at 575 oC. The area density of 
the felts was subsequently reported as 0.45 g m-2 for charge A and 0.51 g m-2 for charge B 
[207]. Therefore the specific capacitance, 𝑐𝐷𝐿 for charge A, after treatment at 575 
oC was 
33.6 − 61.6 μF cm-2 and 52.2 − 64.7 μF cm-2 for charge B. The results indicate that the 
thermal treatment increased the ratio of edge to basal plane sites of the two felt samples, as 
stated in subsequent analysis by the same authors [207].  
When activation has been shown to improve the performance of the graphite felt electrodes, 
there is an ongoing discussion about the mechanism by which these improvements have 
occurred. Numerous papers identified the presence of oxygen functional groups as the source 
of improved kinetic performance [109, 169, 197, 201], whilst others have suggested that the 
increase in performance is largely due to increases in felt electrochemically active surface area. 
The electrochemically active surface area can be increased with greater surface roughness or 
improved wettability [177, 208, 209]. Improved wettability has been shown to occur as a result 
of the polar oxygen groups that are added to the surface during thermal and acid treatments. In 
both cases the improvement in felt performance is attributed to the oxygen groups added to the 
surface, but the distinction between increased electrochemically active surface area and 
electrochemically active functional groups is important for designing the most effective 
treatment procedures.   
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Perhaps the source of conjecture is that it is currently difficult to quantify the effect on the felt 
performance from each felt property. For example, the measured current at an electrode is 
related to the electrochemically active surface area and the inherent rate constant of a material, 
as described by the Butler-Volmer equation: 




𝑅𝑇 ) (6.1) 
Where; 𝑖 is the recorded current, 𝐴 is the electrochemically active surface area of the electrode, 
𝑘0 is the inherent rate constant, 𝐶𝑅𝑒𝑑 is the concentration of the reduced species at the surface 
of the electrode, 𝐶𝑂𝑥 is the concentration of the oxidised species at the surface of the electrode, 
𝑅 is the universal gas constant and 𝑇 is the temperature of the system in kelvin. 
In this work and often in literature, the electrochemically active surface area (𝐴𝑒𝑎), is assumed 
to be equal to the geometric area of the electrode (𝐴𝑔). For instance, this assumption is often 
applied when using the Nicholson method at planar electrodes and is acceptable as the 
electrodes are typically finely polished to produce a very smooth surface. However, when using 
carbon fibers the 𝐴𝑒𝑎 is likely larger than the geometric surface area, due to surface roughness 
and or the presence of pores. This means the rate constant value that is calculated from 
electrochemical measurements is not the inherent rate constant (𝑘𝑖𝑛
0 ), but in fact an apparent 
rate constant (𝑘𝑎𝑝𝑝
0 ):   
𝐴𝑔 × 𝑘𝑎𝑝𝑝
0 = 𝐴𝑒𝑎 × 𝑘𝑖𝑛
0 (6.2) 
As mentioned previously, both the wettability and roughness of an electrode will change the 
electrochemically active surface area relative to the geometric area: 
𝐴𝑔 × 𝑅 = 𝐴𝑡𝑜𝑡 (6.3) 
𝐴𝑔 × 𝑅 × 𝑊 = 𝐴𝑒𝑎 (6.4) 
Where 𝑅 is the roughness factor of the electrode, 𝐴𝑡𝑜𝑡 is the total area of the electrode and 𝑊 
is the wetted fraction of the electrode.  
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Therefore, it is possible to increase 𝐴𝑒𝑎 by either increasing the roughness of the surface (likely 
through the production of pores) or by improving the wettability of the surface. Both of these 
factors directly influence the electric double layer capacitance of the electrodes. The 
importance of accounting for the differences in electrochemically active surface area is 
described further in literature, in terms of the exchange current density which is directly related 
to the inherent rate constant [177]. It is possible to identify differences in wettability by 
comparing physical area as measured by BET, relative to electric double layer capacitance. 
Increases in physical area should be shown with BET analysis, but if the electrolyte cannot wet 
into the new pores the electric double layer capacitance will remain unchanged. 
In this work, thermal activation is used as a model procedure, introducing oxygen groups to 
the graphite felt surface. We show that by using cyclic voltammetry and electrochemical 
impedance spectroscopy at single fibers, we can separate the performance effects from the 
surface area, wettability, inherent rate constant and conductivity.  
  




Four different carbon fiber samples were tested. Three of these fiber samples were extracted 
from PAN based carbon felts (GFE-1 graphite felt, Cera Materials, USA, G100 and C100, 
AvCarb, USA) and another was extracted from continuous carbon fiber tows (Toray T700SC 
12000-50C).  
To thermally activate these carbon fibers, samples were heated in air at 14.2 oC min-1 to 450 
oC and held for 60 minutes, before cooling to room temperature.  Each carbon fiber 
microelectrode was made by gluing a single fiber to an electrical wire using conductive carbon 
glue. The connection between the carbon fiber and the electrical wire was sealed with epoxy 
resin. The length of each microcylinder electrode was then determined by optical microscopy 
and the mean diameter of the different felt samples was calculated from scanning electron 
micrographs (SEM) collected using a JEOL 7000F. 
Electrochemical measurements were made using a Gamry 3000 potentiostat. The electrical 
double layer capacitance was measured using cyclic voltammetry in 1 M KNO3 at sweep rates 






The forward current, 𝐼𝑓 and reverse current, 𝐼𝑟 were taken at 0.4 V vs Ag|AgCl, as at this 
potential there were no obvious faradic processes from the surface functional groups (often 
termed pseudo-capacitance) [210]. All of the capacitance values in this work are from the cyclic 
voltammetry recorded at 50 mV s-1. The specific capacitance for each electrode was calculated 
by dividing the total capacitance by the electrode area, calculated using the length and the mean 
fiber diameter for each fiber type.  
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Electrochemical measurements were also recorded in a 1 M KNO3 solution containing 1 mM 
K3Fe(CN)6 (Vickers Laboratories Ltd) and 1 mM K4Fe(CN)6 (BDH AnalaR). The diffusion 
coefficients were calculated from the limiting current reached during the recording of steady-
state polarisation curves and is described further in our previous work [188]. The diffusion 
coefficients were found to be 8.6 × 10-6 cm2 s−1 for Fe(CN)6
4− and 8.37 × 10-6 cm2 s−1 for 
Fe(CN)6
3−. In this chapter, simulations were carried out using the mean value of 8.50 ± 0.05 × 
10-6 cm2 s−1. Cyclic voltammetry was again recorded at sweep rates of 0.05, 0.1, 0.2, 0.5 and 1 
V s-1. Electrochemical impedance spectroscopy (EIS) was recorded at each fiber at open circuit 
potential, with a 5 mV rms AC perturbation, between 1 MHz and 0.1 Hz frequencies. 
Calculation of apparent rate constants was carried out using a one-dimensional numerical 
model for cylindrical electrodes solved using a method of lines approach. A more in depth 
discussion of the numerical model can be found in Chapter 5.  
Raman spectra of each carbon fiber surface was obtained and analysed to identify potential 
differences in the surface chemistry of the different carbon fibers, before and after thermal 
activation. Raman spectra measurements were performed using an alpha 300R+ confocal 
Raman microscope (WiTec, Ulm, Germany) equipped with a 532 nm excitation laser. Spectra 
acquisition were performed as maps scan across carbon fibers fastened onto a glass slide, over 
a spectral region of -52 to 3789 cm-1, using a 50x air objective and 15 mW laser power. 
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 Results and Discussion 
Cyclic voltammetry at microcylinders depends on the radius of the electrode, therefore the 
mean diameter of the four fiber samples calculated from SEM images, Table 6.1. 
Table 6.1: Mean diameters calculated from 15 different fibers for each of the four fiber types.  
Felt Sample Diameter 
  (μm) 
C100 8.2 ± 0.2 
Toray 8.2 ± 0.2 
G100 8.7 ± 0.2 
GFE 10.0 ± 0.2 
The specific capacitance was calculated for individual fibers using the current at 0.4 V vs 
Ag|AgCl from CVs recorded at 50 mVs-1. The fiber area was calculated by assuming each fiber 
was a perfect cylinder, with the mean diameters given in Table 6.1. The mean capacitance and 
related uncertainties for each fiber type was then calculated, with clear differences between the 
different fibers and a noticeable increase after thermal treatment, (Figure 6.1). 
 
Figure 6.1: Capacitance of each felt type recorded before and after thermal treatment, recorded in 0.5 
M H2SO4 at a sweep rate of 50 mVs
-1.  
6 Using Individual Carbon Fiber Electrodes to Quantify Effects of Thermal Activation  
79 
 
The difference in measured capacitance between the untreated fiber types could be a result of 
wettability, surface roughness or differences in the 𝑐𝐷𝐿 of the carbon material [177]. The 𝑐𝐷𝐿 
reported in this work for the G100, Toray and C100 fiber samples is between that of the HOPG 
basal plane (2 μF cm2) and GC (24 – 36 μF cm2), whilst the 𝑐𝐷𝐿 of the GFE fibers is at the 
upper end of the GC range. Therefore, the fibers likely have a low roughness factor and the 
actual surface area is similar to the geometric surface area.   
In literature it was shown that after thermal treatment the fraction of edge plane sites increases, 
contributing to an increase in capacitance and that thermal treatment improves the wettability 
of carbon felts [211]. Therefore, the increase in capacitance summarized in (Table 6.2), can be 
considered as the upper limit for the increase in electrochemically active surface area. 
Table 6.2: Change in specific capacitance for each fiber type after thermal treatment. 
Felt Capacitance Before Capacitance After Factor Increase 
 (μF cm-2) (μF cm-2)  
G100 11 ± 1 80 ± 20 7 x 
GFE 42 ± 6 83 ± 8 2 x 
Toray 18 ± 2 310 ± 30 18 x 
C100 31 ± 2 1200 ± 30 38 x 
An increase in the electrochemically active surface area should lead to improved electron 
transfer kinetics at the carbon fiber surface. The current density at a given over-potential should 
increase linearly with increased surface area, providing that the inherent rate constant has not 
changed and mass transport limitations are ignored.   
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To determine if the changes in the capacitance and hence electrochemically active surface area 





  redox couple at the carbon fiber samples was measured using cyclic 
voltammetry (Figure 6.2).   
 
Figure 6.2: a) Cyclic voltammograms of single carbon fiber microelectrodes recorded at 100 mVs-1 in 
a 1 M KNO3 solution containing 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6. b) peak separation at different 
sweep rates for each fiber type, recorded in a 1 M KNO3 solution containing 1 mM K3Fe(CN)6 and 1 
mM K4Fe(CN)6. 
It has been demonstrated that at cylindrical electrodes the peak potential separation is related 
to the activity of an electrode towards a redox reaction [142]. Smaller peak separation at a 
given sweep rate and radius indicates faster electrode kinetics and a larger apparent rate 
constant. It can be seen from (Figure 6.2b) that the GFE electrodes typically had the smallest 
peak separations, followed in order by C100, G100 and Toray (not shown as no peaks were 
present in the recorded CVs).   
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Thermal treatment was shown to increase the capacitance of each fiber type significantly, as 
shown in (Figure 6.1). This increase was accompanied by a clear increase in kinetic 
performance, identified by reduced peak potential separation for each fiber type tested, (Figure 
6.3).  
 
Figure 6.3: a) Characteristic CVs for thermally treated fibers, recorded at 100 mVs-1. b) peak 
separation at different sweep rates for thermally treated fibers, recorded in a 1 M KNO3 solution 
containing 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6. 
From visual inspection of the recorded cyclic voltammetry presented in (Figure 6.3a) it is 
difficult to distinguish any difference in kinetic performance between the different felt types 
after thermal treatment. This is due to the much closer spread of peak potential separation 
between fibers, relative to the peak separations at non-activated fibers shown in (Figure 6.2b).  
However, it is not known whether the reduction in peak separation is due to larger inherent rate 
constants, or due to an increase of the electrochemically active surface area, as observed by the 
increased capacitance. Therefore, the apparent rate constant must be quantified before and after 
thermal treatment for each fiber. For this purpose, we use the numerical model detailed in 
Chapter 5, developed to calculate the rate constant at a cylindrical electrode from the peak 
potential separation and sweep rate.  
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Using the model numerical was proven, the apparent rate constant for each tested fiber was 
calculated, using the peak separations displayed in Figure 6.2. The mean value and uncertainty 
for each fiber type was then calculated and is summarized in (Table 6.3). 
Table 6.3: Mean apparent rate constant for each as-received fiber type, calculated from CVs recorded 
at 200 mV s-1. 
Fiber Type Rate Constant 
 (cm s-1) 
GFE 4 x 10-3 ± 3 x 10-3 
C100 3 x 10-3  ± 2 x 10-3 
G100 3 x 10-6 ± 4 x 10-7 
Toray < 2 x 10-7 
As expected GFE had the largest apparent rate constant, closely followed by C100. The 
apparent rate constants for GFE and C100 are three orders of magnitude larger than for G100 
and at least four orders of magnitude larger than for Toray. This variation is significant and 
larger than expected, based on the modest expected differences in electrochemically active 
surface area observed from capacitance measurements. This shows that there are significant 
differences in the performance of the different fiber surfaces, with larger inherent rate constant 
values at GFE and C100 fibers, probably due to functional groups at the surface.  
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As demonstrated earlier, thermal treatment led to reduced peak separations during cyclic 
voltammertry for all four of the fiber types. To quantify the changes in the kinetic performance, 
the apparent rate constant was calculated using the previously discussed numerical model, with 
the mean values are presented in (Figure 6.4).  
 
Figure 6.4: Calculated apparent rate constant at different sweep rates for thermally treated carbon 
fibers in a 1 M KNO3 solution containing 1 mM K3Fe(CN)6 and 1 mM K4Fe(CN)6. 
The apparent rate constants calculated using the peak separation are smaller at the slower sweep 
rates, approaching an asymptote at 1000 mV s-1. At faster sweep rates, the uncertainty 
associated with identifying the peak potential is reduced. The increased uncertainty at low 
sweep rates is compounded when the peak separation is relatively small, (Figure 6.5).     
 
Figure 6.5: Peak separation dependence on apparent rate constant for a 10μm diameter fiber, specific 
values from CVs modelled at a sweep rate of 200 mVs-1. 
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When the peak separation is small it becomes very difficult to accurately estimate the apparent 
rate constant, as small changes in peak separation lead to large changes in the calculated 
apparent rate constant. For instance, a peak separation of 0.128 V will return 𝑘𝑎𝑝𝑝
0 =
0.04 𝑐𝑚𝑠−1, whilst a peak separation of 0.116 V will return 𝑘𝑎𝑝𝑝
0 = 0.08 𝑐𝑚𝑠−1. This 
sensitivity increases further with smaller peak separation and thus for large apparent rate 
constants the peak separation is sensitive to the diameter of the fiber, (Figure 6.6).  
 
Figure 6.6: Peak separation dependence on fiber diameter and apparent rate constant, specific values 
from CVs modelled at a sweep rate of 200 mVs-1. 
As an example, a 0.124 V peak potential separation at a 12 µm electrode will return 𝑘𝑎𝑝𝑝
0 =
0.04 cm s-1, but with a 8 µm electrode the same peak potential separation will give 𝑘𝑎𝑝𝑝
0 =
0.08 cm s-1. As the apparent rate constants calculated from cyclic voltammetry are sensitive to 
small errors in the calculation of the peak separation and differences in fiber diameter, a more 
reliable method for calculating the apparent rate constant of these activated fibers is desired.  
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A model for the electrochemical impedance spectroscopy (EIS) response of cylindrical fibers 
has been developed and can be used to accurately measure the standard heterogeneous rate 
constant [188]. This method is described in detail in Chapter 4 of this thesis. Briefly, the 
modelled response can be fitted to the experimental results using seven physical parameters, 𝛹 
is a composite parameter independent of electrode radius, 𝜏𝑑 is a diffusion time constant, 𝑅𝑐𝑡 
is the charge transfer resistance, 𝑅𝑠 is the solution resistance, ϒ0 is the admittance constant 
which combined with the dimensionless constant 𝜙 models the double layer capacitance using 
a constant phase element,  (Figure 6.7).  
 
Figure 6.7: Example fit from a thermally treated Toray fiber, EIS recorded at OCP with a 5 mV rms 
AC perturbation between 10 kHz and 100 mHz. Red circles represent experimental data points; blue 
line is the fitted model response.  
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Unlike analysis of cyclic voltammetry, EIS enables the apparent rate constant to be calculated 
from a composite parameter 𝛹, without prior knowledge of the fiber diameter. However, 
similarly to the numerical cyclic voltammetry model the electrochemically active surface area 
of the electrode is unknown. Therefore, the geometric area is assumed and the resulting values 
should be considered as apparent, not inherent rate constants. The apparent rate constant can 
also be calculated from the fitted 𝑅𝑐𝑡 parameter, with the electrode geometric area calculated 
from the measured length and by assuming the diameter of each fiber electrode is the same as 
the mean value found for that fiber type from SEM analysis, (Table 6.4). 
Table 6.4: Rate constant values calculated from EIS measurements. 
Fiber Type Rate constant 
(composite parameter) 
Rate constant 
(charge transfer resistance) 
 (cm s-1) (cm s-1) 
GFE Thermal 0.12 ± 0.05 0.09 ± 0.05 
G100 Thermal 0.04 ± 0.01 0.02 ± 0.01 
C100 Thermal 0.01 ± 0.01 0.012 ± 0.008 
Toray Thermal 0.004 ± 0.002 0.003 ± 0.002 
The rate constants calculated from 𝛹 and 𝑅𝑐𝑡 are in good agreement, implying that there are 
only minor differences between the diameter of the tested fibers and the mean diameter of each 
fiber type. The average apparent rate constant values for GFE and G100, as calculated by EIS 
are in very close agreement with those calculated from CVs, Figure 6.4. 
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The EIS measurements showed significant differences in apparent rate constants between the 
different felt types, with all of the apparent rate constants being significantly larger than before 
the thermal treatment. The increase in apparent rate constants is not proportional to the increase 
in specific capacitance of the fibers, (Table 6.5).  
Table 6.5: Change in electric double layer capacitance (EDLC), apparent and inherent rate constants 

















 (cm s-1) (cm s-1)    
G100 0.000003 ± 0.000002 0.04 ± 0.01 10,000 x 7 x 1,400 x 
GFE 0.004 ± 0.003 0.12 ± 0.05 30 x 2 x 15 x 
Toray <0.0000002 0.005 ± 0.003 > 20,000 x 18 x > 1,100 x 
C100 0.003 ± 0.002 0.02 ± 0.01 6 x 38 x -  6 x 
The increase in rate constant for GFE, Toray and G100 are significantly larger than the increase 
in capacitance, which as discussed previously can be thought of as an upper limit for the 
increase in electrochemically active surface area. This strongly suggests that there was a change 
in the amount and or type of functional groups at the surface. As the thermal treatment was 
carried out in an air atmosphere, these functional groups likely contain oxygen, which has been 
shown in literature to improve performance for a range of redox couples [131, 197, 201]. 
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Raman spectroscopy on the different fiber types before and after thermal treatment was carried 
out, with the aim of identifying differences in the surface structure which may relate to the 
difference in response to thermal treatment. The experimental measurements and analysis were 
done by Chima Robert and Keith Gordon, from the University of Otago, Department of 
Chemistry. Raman spectroscopy is often used to characterise carbon materials [212-216]. 
Empirical relationships using the intensity ratio of the defect-induced Raman D band and the 
bulk G band (
𝐼𝐷
𝐼𝐺
), can be applied to calculate the mean crystallite sizes 𝐿𝑎 [212]. Typically, 
larger crystallite sizes are indicative of a more ordered and highly graphitic carbon material. 
The D and G band intensities and calculated mean crystallite size are reported for each fiber 
type, (Table 6.6).   
Table 6.6: Important Raman spectra properties for each fiber type tested in this work. 




ID / IG La 
(Å) 
C100  29,700 6,500 4.57 ± 0.10 9.63 ± 0.60 
C100 thermal  15,500 3,900 3.93 ± 0.07 11.20 ± 0.24 
G100  45,700 41,700 1.10 ± 0.03 40.00 ± 1.14 
G100 thermal  44,500 41,100 1.08 ± 0.05 40.74 ± 1.06 
GFE  71,500 40,600 1.76 ± 0.03 25.00 ± 0.39 
GFE thermal  34,000 18,100 1.88 ± 0.11 23.40 ± 1.61 
Toray  146,100 49,900 2.93 ± 0.07 15.02 ± 0.38 
Toray thermal  13,100 4,200 3.14 ± 0.02 14.01 ± 0.21 
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C100 and Toray fibers had much higher D band intensities relative to the G band, indicating a 
larger mean crystallite size, higher level of disorder and lower graphitic content than the GFE 
and G100 fibers. Therefore, during thermal treatment in air, the C100 and Toray fibers should 
be more easily oxidised. The increase in capacitance for C100 and Toray fiber was more 
significant than for G100 and GFE fibers, which is consistent with the expected higher level of 
oxidation.  
Thermal treatment did not appear to significantly alter the D to G band ratios and hence mean 
crystallite size, which is to be expected as higher temperatures would be required to increase 
the graphitic content. However, it is clear that the surface did change significantly, supported 
by both the CV and EIS measurements. Thus, the surface changes from thermal treatment were 
likely not related to the graphitic nature of the carbon, but instead an increase in the number of 
oxygen-containing functional groups at the surface, as previously reported for thermal 
treatment in air [126]. Surface oxygen groups are difficult to detect with Raman spectroscopy, 
as the G band from carbon is superimposed over the O-H bending and C=O Raman peaks 
[217]. Oxygen functional groups should improve the wettability of the fibers and provide active 
sites for the redox reactions, consistent with the increase in electric double layer capacitance 
and improved electrochemical performance that was recorded after thermal treatment.  
  




Clear differences between the untreated four fiber types (GFE, G100, C100 and Toray) were 
present in electric double layer capacitance, as well as kinetic performance. Fibers were 
thermally treated for 1 hour at 450 oC, with a large increase in the electric double layer 
capacitance observed at C100, G100 and Toray fibers, whilst the electric double layer 
capacitance for GFE only doubled. Each fiber had clear improvements in kinetic performance, 
with significantly smaller peak separations observed for each fiber type. The apparent rate 
constant was then calculated for each fiber before and after thermal treatment. The inherent 
rate constant could not be directly calculated as only the geometric area of the fiber electrodes 
was known, not the electrochemically active surface area. EIS measurements were shown to 
be more accurate for fibers with higher apparent rate constants, where 𝑘𝑎𝑝𝑝
0  approaches 0.1 cm 
s-1. This was due in part to the sensitivity of the fitted 𝑘𝑎𝑝𝑝
0  value to peak separation, as well as 
the ability to calculate 𝑘𝑎𝑝𝑝





7. Thermal Activation of Carbon Felt for the Positive 
Vanadium Redox Couple  
Abstract 
It has been reported that thermal activation of carbon felt electrodes improves the energy 
efficiency and maximum power of VRFBs. Some work in literature has assigned the 
improvements to formation of functional groups at the surface, increasing the inherent rate 
constant. Others have suggested the improvements are due to larger electrically active surface 
areas, from increased roughness of the surface or improved wetting. In this work we separate 
out these effects to identify the source of changes in felt performance, with thermal treatments 
carried out in air for one hour at 200 to 700 oC, for each of the three felts.  
The capacitance of each felt was calculated from cyclic voltammetry, this was compared to the 
physical surface area, measured with BET. Raman spectroscopy and thermal gravimetric 
analysis provided insight into the different responses to thermal treatment between the three 
felts. The apparent rate constant for VO2+ oxidation and VO2
+ reduction at each felt was then 
calculated from cyclic voltammetry and compared to the changes in capacitance and physical 
surface area. Thermal treatment increased the capacitance and physical area for all three felts, 
however the relative increase was different for each felt type. The highest apparent rate constant 
was recorded for the GFE felt treated at 600 oC, with 𝑘𝑎𝑝𝑝
0 = 8.5 × 10−5 cm s-1. This value is 
in agreement with those reported in literature for the same redox couple at carbon electrodes. 
  




Thermal treatment has been shown in numerous studies to improve the round trip efficiency of 
VRFB cells [167, 218-220]. Explanations given for the improved efficiency include an increase 
in oxygen functional groups at the surface, increased electrode area from pitting and improved 
wettability. However, as discussed in Chapter 4, accurate quantification of the carbon felt 
kinetics is challenging. Accurate quantification of the inherent kinetics will enable 
identification of the most effective physical and chemical changes possible. 
It has been shown that cyclic voltammetry and EIS of single carbon fibers electrodes can be 
used to calculate the apparent rate constant distribution of a carbon felt sample, Chapter 4. This 
data can then be used to accurately model the behaviour of a carbon felt sample, if the void 
size distribution is known. However, for the VO2+ to VO2
+ oxidation reaction and subsequent 
reduction reaction, the standard reduction potential, 𝐸0 = 1.00 𝑉 𝑣𝑠 𝑆. 𝐻. 𝐸 is close to the 
standard reduction potential of the water splitting reaction, 𝐸0 = 1.23 𝑉 𝑣𝑠 𝑆. 𝐻. 𝐸. As the 
kinetics for the VO2+ to VO2





  redox couple, it is not possible to record a vanadium oxidation peak 
at a single carbon fiber electrode. The applied overpotential required to achieve vanadium 
redox peaks leads to large current contributions from water splitting, preventing accurate 
analysis of cyclic voltammetry measurements. However, as discussed in Chapter 2 due to the 
relatively small voids within carbon felt, the peak separation during cyclic voltammetry at 
carbon felt electrodes is significantly reduced, relative to a single fiber electrode. If the sweep 
rate is low enough for the rate constant of the chosen electrode, it is possible to record clear 
vanadium oxidation peaks. Whilst it has been shown that EIS is a more reliable method for 
calculating the rate constant of single carbon fibers, this is not a practical option for measuring 
the kinetics at a felt sample, as there is no validated model to account for the void size 
distribution within the felt.  
  




Three different carbon fiber samples were tested, all of which were PAN based carbon felts 
(GFE-1 graphite felt, Cera Materials, USA, G100 and C100, AvCarb, USA). Thermal treatment 
of the carbon felt samples was carried out by heating in air for 1 hour at 200 oC, 300 oC, 400 
oC, 500 oC, 600 oC and 700 oC. With the mean diameter of the different felt samples calculated 
from scanning electron micrographs (SEM), as detailed in Chapters (4-6). The capacitance and 
kinetic performance of each felt was tested using cyclic voltammetry. The capacitance was 
recorded at 50, 100, 200, 500 and 1000 mVs-1 in solution of 0.5 M H2SO4. With the kinetic 
performance analysed from cyclic voltammetry recorded in a 1 mM VOSO4 (Alfa Aesar) and 
0.5 mM V2O5 in 0.5 M H2SO4 electrolyte solution at 2, 5 and 10 mVs
-1. All cyclic 
voltammograms were recorded in a custom designed and built cell, (Figure 7.1).  
 
Figure 7.1: Cell design for measuring cyclic voltammetry at thermally modified carbon felt samples.  
Preliminary tests in a similar cell used showed that G100 felt in particular was not easily wetted 
by the 1 mM VO2+ / VO2
+ in 0.5 M H2SO4 electrolyte. Therefore, this cell was designed to 
reduce the influence of wetting differences on kinetic measurements. Improvement in 
repeatability and wetting in this cell was made possible through the ability to flow electrolyte 
through the felt sample using a syringe. When electrolyte was forced through the felt air 
bubbles were visibly removed, increasing the wetted area of the felt.  
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The electrolyte concentration of 1 mM VO2+ and VO2
+ was selected to balance faradaic, 
capacitive and resistive features. For a 1 mM concentration, the faradaic response was much 
larger than the electric double layer charging, but higher concentrations increase the 
uncertainties of calculating the peak separation, due to larger electrical resistance corrections. 
In this work electrical resistance was measured before cyclic voltammetry using hybrid EIS 
scans, recorded at frequencies between 200 kHz and 0.01 Hz with a 5 mV rms perturbation. 
The impedance recorded at 0o phase angle was then taken as the electrical resistance for the 
felt and the solution. 80% of the resistance was corrected for using positive feedback correction 
during cyclic voltammetry, with the remaining 20% correct for post run.  
The effect of thermal treatment on felt physical area and mass loss was investigated using BET 
and thermal gravimetric analysis (TGA) respectively. BET measurements were carried out 
using a Gemini VII 2390, Surface Area Analyzer. TGA measurements were carried out in an 
air atmosphere, starting at room temperature (23 °C) and ramping up to 1000 °C at 5 °C min-1.  
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 Results and Discussion 
 Capacitance 
The capacitance of each felt was recorded in a 0.5 M H2SO4 solution, and was found to increase 
with thermal treatment temperature. The surface area of each felt was calculated from the mass 
of the sample and the geometric area, assuming the fibers perfect cylinders all with the mean 
diameter for that sample calculated from SEM imaging. Similar capacitance changes are 
reported in Chapter 6, but are now measured over a range of different treatment temperatures,  
(Figure 7.2).  
 
Figure 7.2: Capacitance of each treated felt measured in 0.5 M H2SO4 from cyclic voltammetry 
recorded at 100 mVs-1.  
Of the three samples, the capacitance of C100 increased the most with thermal treatment, 
confirming the results reported in the previous chapter. The larger increase in capacitance is 
consistent with the fact that C100 had a much smaller mean crystallite size of 9.63 ± 0.60 Å, 
compared to 40.00 ± 1.14 Å for G100 and 25.00 ± 0.39 Å for GFE, as calculated from Raman 
spectroscopy. The smaller crystallite size is indicative of lower graphitic content, and thus 
C100 is more readily oxidised during the thermal treatment in air.  
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Interestingly the capacitance of GFE felt declined between 600 oC and 700 oC. The cause of 
this is unknown, but it does coincide with a noticeable decrease in mass of the felt. The change 
in capacitance at each thermal treatment is quantified relative to the as-received felts, (Table 
7.1). 
Table 7.1:Change in capacitance relative to control felt for thermal treatment of each felt from cyclic 
voltammetry recorded in 0.5 M H2SO4 from cyclic voltammetry recorded at 100 mVs
-1. 
Treatment Capacitance Increase 
(oC) G100 GFE C100 
200 1.1 1.1 2.2 
300 1.1 1.1 9.6 
400 1.9 1.2 135.3 
500 2.5 2.5 - 
600 3.9 7.5 - 
700 - 1.9 - 
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 Physical area measurements using BET 
As previously mentioned in Chapter 6, the increase in capacitance can be caused by a 
combination of three factors. Thermal treatment can oxidise the surface, forming pores and 
increasing the roughness of the electrode. This increases the physical area of the electrode and 
can be measured using BET isotherms. The ratio of basal to edge plane sites can also alter the 
capacitance significantly, as the specific capacitance of the basal plane is 2 μF cm2, increasing 
to 60 − 70 μF cm-2 for edge plane sites. Finally, the wettability of the felt also influences the 
capacitance, if only a fraction of the physical area of the felt is wetted the measured capacitance 
will be reduced. BET measurements were conducted on the untreated and thermally treated felt 
samples, with GFE felt thermally treated at 600 oC, G100 at 500 oC and C100 at 400 oC. The 
expected specific surface area for each carbon felt was calculated assuming perfectly smooth 
cylindrical fibers, with the average fiber diameters for each felt reported in Chapter 6 and 
assuming a density of 2 g cm-3 for the carbon fibers,  (Table 7.2). 
Table 7.2: Specific surface area of the different carbon felts based on fiber diameter and BET 
measurements. 
Felt Type Expected Untreated Roughness Thermally Treated Increase 
 (m2 g-1) (m2 g-1) Factor (m2 g-1) Factor 
C100 0.24 0.39 1.6 x 6.00 15.3 x 
G100 0.22 0.37 1.7 x 0.61 1.6 x 
GFE 0.2 0.36 1.8 x 6.92 19.1 x 
 
The roughness factors are modest and feasible and suggest that there is a consistently high level 
of wetting.  
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The increase in GFE area from thermal treatment at 600 oC by a factor of 19.3, is larger than 
the increase in capacitance of 7.5 x. Thermal treatment is expected to increase the specific 
capacitance by increasing the number of edge plane sites, thus the smaller increase in 
capacitance may be a result of incomplete wetting of the thermally treated felt. Incomplete 
wetting of the felt is possible, in particular if there are small pores at the surface. The small 
pores can be filled by the nitrogen gas during BET measurements, but may be hydrophobic or 
too narrow to enable complete wetting by the electrolyte. The increase in G100 capacitance of 
2.5 x was slightly larger than the increase in physical area of 1.6 x, this discrepancy is small 
and could be due to an increase in the number of edge sites, or improved wettability. C100 had 
a much larger increase in capacitance of 135.3 x, than physical area as measured by BET of 
15.3, indicating a large increase in the ratio of edge plane to basal plane sites.  
  
7 Thermal Activation of Carbon Felt for the Positive Vanadium Redox Couple  
99 
 
 Thermo-gravimetric analysis 
Thermal gravimetric analysis (TGA) was carried out to understand why the three carbon felts 
respond differently to thermal treatment. The felt mass was recorded as the temperature was 
linearly ramped at 5 oC min-1, (Figure 7.3).  
 
Figure 7.3: TGA measurements for the three tested felt samples, TGA measurements were carried out 
in an air atmosphere, starting at room temperature (23 °C) and ramping up to 1000 °C at 5 °C min-1 
GFE felt was the most thermally stable, losing the same mass percentage as G100 felt at 
approximately 100 °C higher temperature. This result is unexpected, as G100 felt had smaller 
increases in capacitance and physical area than GFE. The C100 felt began losing mass before 
G100 felt, however the slope of the mass loss was lesser, thus they both fully decomposed at 
approximately 800 °C. The onset of capacitance increases occurs at temperature below those 
at which TGA shows mass loss. This may be due to changes in basal to edge plane ratios at the 
surface, leading to electrical double layer capacitance increases before the formation of pores 
change the physical surface area. Alternatively, the surface area may increase significantly with 
very minor changes in felt mass, if the formation of pores only changes the total mass slightly. 
In the thermal treatment procedure, the felts are held at a fixed temperature for one hour, whilst 
the TGA data was recorded with a 5 oC min-1 ramp rate. This likely causes a lag in the 
temperature at which surface changes occur during TGA analysis.  
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 Kinetics from cyclic voltammetry 
In the previous chapter, it was found that the thermal treatment of single fiber electrodes had a 




  cyanide redox couple. In that 
investigation it was found that the apparent rate constant at untreated GFE felt was larger than 
at C100, which in turn was larger than at G100. Thermal treatment improved the kinetics at all 
three felts, with G100 increasing significantly. Here we investigate the apparent kinetics of the 
same felts for the VO2+ / VO2
+ redox couple over a wide range of thermal treatment 
temperatures. 
As previously mentioned, determining the kinetics of vanadium redox reaction on single fiber 
electrodes from cyclic voltammetry is not possible, but can be achieved at felt electrodes. 
However, direct comparison between the felt types based on peak separation is difficult, as the 
pore size distribution of each felt will vary. BET measurements showed the specific surface 
area of the three felts is very similar, Table 7.2, therefore large differences in peak potential 
separation are indicative of differences in kinetics. Clear differences in peak separation 
between the three felts was observed during cyclic voltammetry, (Figure 7.4). 
 
Figure 7.4: a) As-received and thermal treatment with closest peak separation cyclic voltammograms 
recorded for each felt type. B) peak separation of three different carbon felts. All recorded in 1 mM V4+ 
and V5+ in 0.5 M H2SO4. Cyclic voltammetry recorded at 5 mV s
-1, all data corrected for IR voltage 
drop, explained further in method section. 
As expected the redox peaks in Figure 7.4 are centred around the standard reduction potential 
of the VO2+ / VO2
+ redox couple, at 0.8 V vs Ag|AgCl. Peaks are seen at felt electrodes but not 
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at single fiber electrodes, due to depletion of the reactants in the felt voids, causing the 
concentration at the electrode surface to decline faster. The peak potential separation during 
cyclic voltammetry is an indicator of kinetics, with closer peaks indicating faster kinetics for a 
given void distribution. There is evidence of unwanted side reactions at the thermally treated 
GFE electrode. This is likely the oxygen evolution reaction, which has a standard reduction 
potential of 1.03 V vs Ag|AgCl. The thermal treatment of the GFE electrode therefore 
improved the apparent rate constant for the VO2+ / VO2
+ redox couple as well as the water 
splitting reaction. The peak heights and distance from the standard reduction potential differ 
for a number of the electrodes, indicating that the charge transfer coefficient, 𝛼 is not always 




 redox couple, investigated in 
Chapters 4-6.  
Of the untreated felts, C100 clearly had the smallest peak separation at 339 mV, compared to 
452 mV for GFE and 818 mV for G100. Thermally treating the felts in air for 1 hour was shown 
to have a positive effect on the reaction kinetics, with large reductions in peak potential 
separation observed at GFE and G100 felts. Cyclic voltammetry could not be carried out for 
G100 at 700 °C, as the felt had oxidised and lost mechanical integrity, with the same 
phenomena occurring for C100 at 600 °C and GFE at 800 oC. Measurement of the peak 
potential separation during cyclic voltammetry using the C100 felt was not possible after 
treatment at 400 °C and above, due to the large increase in capacitance demonstrated in Figure 
7.2.   
From the peak separation the mean apparent rate constant of the carbon felts can be found, if 
the void size distribution is known. In this work we were restricted to only having micro-CT 
data for an uncompressed GFE felt sample. Identification of the mean rate constant in this cell 
set up is further complicated by the compression exerted around the outer rim of the felt sample, 
likely causing a reduction in the average felt thickness, changing the pore size distribution 
slightly.  
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The volume of the indirectly compressed section of felt was estimated by comparing the charge 
transferred during cyclic voltammetry to the number of moles of vanadium held within the felt, 
calculated from the felt void volume and the electrolyte concentration. GFE 400 oC was 
selected as it did not have a large water splitting contribution to the current, as observed on the 
GFE felts treated at 500 oC and above. However, it was more active towards the vanadium 
redox reaction than the felts treated at lower temperatures and therefore more likely to have 
fully oxidised and reduced the vanadium within the felt during each sweep.  
From integration, the charge transferred during oxidation (𝐶𝑜𝑥) was found to be 𝐶𝑜𝑥 =
0.0251 𝐶 and during reduction 𝐶𝑟𝑒𝑑 = 0.0236 𝐶. This charge transferred is equivalent to 
𝑛𝑜𝑥 = 0.245 𝜇𝑚𝑜𝑙 and 𝑛𝑟𝑒𝑑 = 0.260 𝜇𝑚𝑜𝑙 of vanadium. Based on the non-compressed felt 
thickness of 3.5 mm, the diameter of 7.5 mm, the porosity of 94% and total vanadium 
concentration of 2 mM, the number of moles of vanadium that can be oxidised or reduced each 
cycle is 𝑛𝑣𝑎𝑛 = 0.290 𝜇𝑀. Therefore, the number of moles of vanadium converted is between 
85 and 90% of the expected value for an uncompressed felt. The discrepancy is small and can 
be explained by a combination of a small reduction in volume of the felt voids due to 
compression, as well as incomplete oxidation and reduction during the cyclic voltammetry. 
Therefore, the void volume reduction of the felt was minimal and it is reasonable to use the 
void size distribution calculated from micro-CT imaging at GFE for analysis of the felts tested 
in this work. 







This accounts for differences in kinetic performance for the oxidation and reduction reactions, 
enabling a more accurate apparent rate constant to be calculated.  
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The mean apparent rate constants for each felt and treatment procedure was then calculated, 
assuming the same pore size distribution as the GFE felt, defined in Chapter 5. It is likely that 
the C100 and G100 felts have a slightly different pore size distribution, however this is not 
expected to make a significant difference as previously mentioned all three felts have very 
similar porosity, (Figure 7.5). 
 
Figure 7.5: Mean apparent rate constant for the different treated and untreated felt samples.  
As expected the GFE and C100 felts typically had much higher rate constants than the G100 
felt. For the untreated felts G100 𝑘0 = 8.31 × 10−7 cm s-1, GFE 𝑘0 = 7.5 × 10−6 cm s-1 and 
C100 𝑘0 = 2.31 × 10−5 cm s-1. The largest mean apparent rate constant measured was for 
GFE felt treated at 600 oC, with 𝑘0 = 8.52 × 10−5 cm s-1. These values are in close agreement 
with rate constant values stated in literature, Bourke et al. reported a rate constant of 
1.83 × 10−5 cm s-1 at carbon felt for the same reaction, whilst Stimming et al reported 3.8 ±
.6 × 10−6 cm s-1 for the same reaction at a carbon nanotube electrode [88, 125].  
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As with capacitance and physical area, the mean apparent rate constants of the thermally treated 
carbon felts generally increased with thermal treatment, (Table 7.3). 
Table 7.3:Change in mean apparent rate constant for each felt treatment. 







200 0.3 x 0.95 x 1.27 x 
300 1.3 x 1.48 x 1.24 x 
400 3.8 x 2.28 x - 
500 6.3 x 8.90 x - 
600 7.6 x 11.35 x - 
700 - 3.77 x - 
 
The increase in the apparent rate constant for GFE from thermal treatment at 600 oC by a factor 
of 11.35, is only slightly larger than the increase in capacitance of 7.5 x, but smaller than the 
increase in physical area of 19.3 x. Therefore, there is no clear evidence to suggest the thermal 
treatment changed the inherent rate constant of the GFE carbon felt, but the increased surface 
area clearly increased the apparent rate constant. 
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The increase in apparent rate constant for G100 felt thermally treated at 500 oC of 6.3 x, is 
larger than the recorded increase in capacitance of 2.5 x and physical area of 1.6 x. This 
indicates that the thermal treatment increased the inherent rate constant of the G100 felt, as 





 redox couple measurements at G100 in Chapter 6, where the apparent 
rate constant also increased significantly more than the capacitance. The increased inherent 
rate constant is likely the result of oxygen containing functional groups forming at the surface 
during thermal treatment.  
No apparent rate constant could be measured at thermally treated C100 felt as previously 
mentioned. However, there appeared to be little change in kinetic performance at 300 oC, at 
which point the capacitance had already increased by a factor of 9.6 x. BET measurements at 
C100 treated at 400 oC showed 15.3 x increase in the physical area. This suggest that thermal 
treatment of C100 felt increases the electrically active surface area, but reduces the inherent 





couple, where the C100 capacitance increased more significantly than the apparent rate 
constant. 
These results show that increases in the electrically active surface area of the carbon felt 
electrodes are important, as stated by Stimming et al [177]. However, there is sufficient 
evidence to suggest that the inherent kinetics at the carbon surface do change with thermal 
treatment. Therefore, it is likely that there are functional groups that can be introduced or 
removed during thermal treatment, that alter the inherent rate constant for the VO2+ / VO2
+ 
redox couple.  These results are supported by observations that oxygen functional groups alter 
the kinetics during electrochemical treatment, made by Miller et al [158]. 
  




Using our previously validated model for modelling cyclic voltammetry at carbon felts with 
specific void size distributions, we were able to calculate the mean apparent rate constant for 
three different felts (C100, GFE, G100), thermally treated in air for 1 hour at temperatures 
between 200 and 700 oC. Cyclic voltammetry showed significant differences in peak 
separation, in particular between the untreated felts. The difference in rate constants for the 
untreated felts range from 𝑘𝑎𝑝𝑝
0 = 8.31 × 10−7 cm s-1 for G100, 𝑘𝑎𝑝𝑝
0 = 7.5 × 10−6 cm s-1  for 
GFE and 𝑘𝑎𝑝𝑝
0 = 2.31 × 10−5 cm s-1 for C100. The largest mean apparent rate constant 
measured was for GFE felt treated at 600 oC, with 𝑘0 = 8.52 × 10−5 cm s-1. Increased 
electrically active surface area likely explains the increased apparent rate constant for GFE. 
However, the increase in rate constant for G100 was significantly larger than the increase in 
electrically active surface. Therefore, thermal treatment likely introduced oxygen containing 





8. Half - Cell Performance of Carbon Felt Samples 
Abstract 
Polarization curve and charge / discharge cycling measurements are the most common methods 
for assessing the performance of VRFB cells in current literature. Both methods provide useful 
information, but neither provides a complete picture. Typically, only the discharging step is 
reported for polarization curve work, whilst charge / discharge cycling calculations are 
complicated by the crossover of vanadium ions during the long duration experiments. Often it 
is not known what contribution to the overpotential is from the positive and negative redox 
reactions. In this work, we have used half-cell measurements of the positive vanadium 
electrolyte, carrying out both polarization curves and charge / discharge cycling for a range of 
different felt samples. From the polarization curve measurements, the apparent rate constant of 
the different carbon felts was calculated and compared to the energy efficiency recorded during 
charge / discharge cycle measurements.  Both methods were found to be in agreement, as felt 
samples with higher apparent rate constants had higher energy efficiencies during charge / 
discharge measurements.  
 
  




There appears to be two prevailing methods in literature for testing the performance of VRFB 
cells; polarization curves and charge / discharge cycling [221]. Both methods provide useful 
data, but also face significant experimental challenges that must be considered.  
 Polarization Curve Measurements 
The main performance indicator that can be extracted from polarization curve data is the 
overpotential to achieve a set current density, thus better performing cells will have lower 
overpotentials over a range of current densities. Additionally, the peak power density can be 
found, which occurs at a compromise between current density and cell potential.  
 Methods Used 
Polarization curves are typically recorded by measuring the charging or discharging current at 
a range of current densities, with the potential for each current density taken from the average 
of a short test, typically 30 s. The SOC of the electrolyte used is typically 100% or 50% and 
can be maintained by either using a single pass of electrolyte [73]. Holding a constant SOC 
removes the influence of changes to the standard reduction potential from changes in the 
electrolyte concentration, following the relationship outlined by the Nernst equation: 







   
Where E is the reduction potential of the redox couple in the half cell at a given point in time, 
𝐸0 is the standard reduction potential of the redox couple, 𝑅 is the standard gas constant, 𝑇 is 
the temperature of the cell, 𝑛 is the number of moles of electrons transferred per mole of 
species, 𝐹 is Farraday’s constant, [𝑅] is the concentration of the reduced species in the bulk, 
[𝑂] is the concentration of the oxidised species in the bulk.  
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Maintaining a fixed state of charge also minimises the influence of changes to the mass 
transport limitations, as the concentrations of the reactants and products are fixed. The main 
limitation of polarization curve analysis is that the coulombic efficiency of the cell cannot be 
measured, therefore the contribution to the current from side reactions such as oxygen 
evolution (water splitting), carbon oxidation or hydrogen evolution is unknown. This limitation 
mainly applies at higher current densities and will depend on electrolyte concentration and flow 
rate.  
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 Findings from literature 
Chen et al. [222] measured a polarization curve for the discharging of a fully charged cell (SOC 
=100%) with fluorinated sulfonated poly(arylene ether) SFPAE membranes of three different 
thicknesses (28, 45 and 80 m). The cell was fully charged using a 100 mL solution of 1.4 M 
VOSO4 dissolved in 2 M H2SO4 as the positive electrolyte and 50 mL of the same solution as 
the negative electrolyte.  The polarization curve for the cell was measured in 10 mA cm-2 
current density increments, from 10 mA cm-2 through to 700 mA cm-2, with the potential for 
each step reported as the average potential over 30 s. The peak power densities recorded for 
the cells with 28 m, 45 m and 80 m membranes were 267 mW cm−2, 311 mW cm−2 and 
253 mW cm−2, respectively. The 45 m membrane therefore provides the best compromise 
between voltage efficiency and vanadium crossover of the three membranes tested.  
Liu et al. [223] investigated the effect of electrode surface area on the polarization curve using 
different layers of 0.4 mm thick SGL 10AA carbon paper electrodes, with a geometric area of 
5 cm2. In this configuration, the optimal number of carbon paper layers was found to be three, 
recording a peak power density of 557 mW cm-2. 
The electrolyte flow rate has a significant influence on mass transport limitations, but 
experimental flow rates are not always stated. Aaron et al. [224] carried out polarization curve 
measurements at different electrolyte flow rates to estimate the mass transport limitation for 
the discharging step. At 0.5 mL min-1 this was found to be 40 mA cm-2, increasing to 321 mA 
cm-2 at 25 mL min for a 1 M VO2
+ in 5 M H2SO4 positive electrolyte and 1 M V
2+ in 5 M 
H2SO4 negative electrolyte. The cell used a 0.2 mm thick Toray carbon paper electrode with a 
geometric area of 5 cm2.  
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 Charge / Discharge Cycling Measurements 
Charge / discharge cycling is widely used and provides the definitive measure of cell 
performance, the round trip energy efficiency. Increased round trip energy efficiency for a 
given current density, indicates a higher performance cell. As discussed in Chapter 2, the 
energy efficiency is the product of the voltage efficiency and the coulombic efficiency.  
 Methods Used 
Charge / discharge cycling is typically carried out by setting a fixed current for both charging 
and discharging, with fixed upper and lower potential limits at which the current is reversed. 
There are a number of factors that must be considered during charge / discharge cycling, as the 
duration of charge / discharge cycling measurements depends on the current, electrolyte 
volume and concentration. The current is fixed and is the product of the electrode surface area 
and the current density. The potential required to maintain the fixed current depends on the 
electrolyte concentration, electrolyte flowrate and the redox kinetics of the reaction at the 
electrode. Charge / discharge cycling measurements can take a long time to perform, 
particularly at low current densities. If there are a large number of different carbon felts or pre-
treatments that require testing, this is a real challenge.  
As previously mentioned, changes in SOC result in changes to the standard reduction potential 
as defined by the Nernst equation. Whilst it is expected that the changes in Estd during charging 
and discharging will cancel each other out, this will not occur if the concentration at the 
potential limits are different for the charging and discharging cycles. If the potential limit is set 
too high, the graphite electrode will be oxidised during charging and water splitting will occur. 
Both of these unwanted side reactions result in unreliable data, as oxidising the electrode is a 
form of surface modification that will influence the kinetics of the reaction at the surface, whilst 
water splitting will reduce the coulombic efficiency. If the water splitting current is high, gas 
bubbles will form and depending on the local flow conditions, these bubbles may remain 
trapped inside the felt. Trapped bubbles will reduce the surface area available for 
electrocatalytic reactions, increasing the overpotential and reducing the voltage efficiency.  
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During discharging it is assumed there are no side reactions, this is a reasonable assumption as 
during discharging the potential at the positive will be insufficient thermodynamically to split 
water. The applied potential at the negative electrode will be less than 0.26 V below the 
standard reduction potential for the hydrogen evolution reaction, an insignificant amount of 
hydrogen should be formed at the negative electrode during discharging.  
Vanadium crossover through the ion exchange membrane during charge / discharge cycling 
can influence the coulombic and hence energy efficiency of the cell. V3+ ions have the highest 
transference number and hence are likely to have the highest rate of cross-over through the 
membrane, whilst VO2
+ ions have the lowest [225]. When the vanadium ions cross over during 
the discharging step, the coulombic efficiency is reduced. This is because the applied potential 
at the positive electrode will oxidise the V2+ and V3+ ions that cross over from the negative 
electrolyte, whilst at the negative electrode the applied potential will reduce the VO2
+ and VO2+ 
ions that cross over from the positive electrolyte. This reduces the coulombic efficiency, as 
during discharging the dominant reaction at the positive electrode is the reduction of VO2
+ to 
VO2+ and at the negative electrode it is the oxidation of V2+ to V3+.  
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Many studies have investigated the performance of VRFB cells using charge / discharge 
cycling, with varying experimental parameters and efficiency results, (Table 8.1). 
Table 8.1: Non-exhaustive selection of full cell measurement conditions and efficiency results. Other 
important parameters not shown include operating temperature, whether the electrolyte is recirculated 












Flow Mem. Elim i VE CE EE 




 (V) mA 
cm-2 




Air 6 hrs 
10 1/4 
 
100/0 None N117 0.8 - 1.7 40 87.1 - - 
[226] 6 None 10 1/4 
 
100/0 None N117 0.8 - 1.7 40 60.3 - - 
[227] 4.6 None 31 1.6/4 50/50 100 N117 0.7 - 1.8 90 72.4 96.1 69.5 
[227] 4.6 
 
None 31 1.6/4 50/50 100 N117 0.7 – 1.8 435 28.1 96.7 27.1 
[221] 0.3 1300°C  
4:1 N2:CO2 
 1 hr 
12 1.5/3 100/0 20 N115 0.9 – 1.65 60 92.6 93 86 
[221] 0.3 None 12 1.5/3 100/0 20 N115 0.9 – 1.65 140 69 95 66 
[222] 6  400°C 
Air 6 hrs 
10 1.4/2 100/0 100 SFPAE 28 
um 
0.7-1.7 20 96 94 90 
[222] 6  400°C 
Air 6 hrs 
10 1.4/2 100/0 100 SFPAE 28 
um 
0.7-1.7 80 83 97.9 81 
[228] 6  400°C 
Air 6 hrs 
10 1/ 2.5 100/0 100 AEM 56 
um 
0.7 - 1.7 20 91 100 91 
[228] 6  400°C 
Air 6 hrs 
10 1/ 2.5 100/0 100 N212 51 
um 
0.7 - 1.7 80 71 94 66.7 
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 Half-Cell Measurements 
Half-cell measurements enable the contribution to the overpotential from the positive and 
negative electrodes to be calculated independently of each other. This is important for 
identifying whether electrode modifications improve the kinetics for both redox couples. Half-
cell measurements have been recorded using a number of different cell set-ups, Schweiss et al. 
used a double-half cell design, whereby the same electrolyte was used at 50% SOC for both 
the positive and negative electrode. For the V2+ / V3+ couple, this means V2+ is oxidised at the 
positive electrode and V3+ is oxidised at the negative electrode. By drawing the electrolytes 
from the same tank the SOC should be maintained at 50%, provided there is not a large 
imbalance in the charge transferred to side reactions between the negative and positive 
electrode [229]. Fetyan et al. used a full cell, but with reference electrodes in each half cell to 
measure the potential of each half-cell reaction [230].  
If a half-cell is used for polarization measurements, the apparent rate constant can be calculated 
from the current density, overpotential and geometric surface area of the electrode by 










Where 𝑖, is the current, 𝐴, is the surface area of the electrode, 𝑘0, is the standard rate constant, 
CRed, is the concentration of the reduced species at the surface of the electrode, 𝐶𝑂𝑥, is the 
concentration of the oxidised species at the surface of the electrode, 𝑅, is the universal gas 
constant, 𝑇, is the temperature of the system in K. This Equation is only valid if the 
concentration of the oxidised and reduced species at the surface do not change. This is 
conditional upon having sufficient electrolyte flow to limit concentration polarization at the 
electrode surface and therefore calculated apparent rate constant values should be considered 
estimates. 
  




 In this work measurements for the positive electrolyte were carried out using a half-cell, where 
the working electrode felt samples (3.14 cm2 cross-sectional area) were separated from a 
supporting electrolyte chamber by a Nafion N1110 membrane. The positive electrode potential 
was recorded relative to a saturated KCl Ag|AgCl reference electrode, with a large graphite 
plate used as the counter electrode, (Figure 8.1). Polarization curve and charge / discharge 
measurements were recorded for GFE, C100 and G100 untreated and thermally treated felts, 
to calculate the apparent rate constant and half-cell efficiency.  
 
Figure 8.1: Custom half-cell design enabling analysis of single redox couples at 50% SOC. 
Half-cell polarization measurements were used to identify the kinetic performance of different 
felts and isolate the onset of mass transport resistance. Using an electrolyte at 100% SOC would 
only allow for the measurement of the reduction reaction, thus not fully characterizing the 
system. Hence, polarization curve measurements were recorded at 50% SOC for the positive 
electrolyte. The electrolyte was prepared by dissolving 0.4 M VOSO4 (Alfa Aesar) and 0.2 M 
V2O5 (Alfa Aesar) in 3 M H2SO4, to give a solution at 50% SOC with 0.4 M VO
2+ and 0.4 M 
VO2
+. The counter chamber contained the same solution as the working side to minimise cross-
over of vanadium ions. Different current densities ranging from 5 to 500 mA cm-2 were applied 
using a Gamry 3000 potentiostat, with the average potential reported over last 25 s of each 30 
s step. The first 5 s were ignored to limit the contribution of capacitance. 
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To maintain the SOC at 50% during the polarization curve measurements each charging current 
density measurement was followed by a discharging measurement at the same current density. 
Based on the planned current density, the total charge transferred for charging and discharging 
of each felt sample will be 279 coulombs. If the coulombic efficiency was 90%, the complete 
measurement for each cell set up would lead to an imbalance of 28 coulombs, equivalent to the 
conversion of 0.00029 moles of VO2
+ to VO2+. Given the electrolyte volume of 50 mL and the 
concentration of each vanadium ion is 0.4 M, each felt sample measurement will change the 
total concentration by less than 1.4%, thus the initial 0.4 M VO2
+ concentration may become 
0.494 M. This imbalance is mostly influenced by the higher current measurements, as at low 
current densities the total charge passed is smaller and the coulombic efficiency should be close 
to 100% due to the smaller overpotential during charging.  
EIS measurements were recorded with a 5 mV rms AC perturbation, within a frequency range 
of 200 kHz to 100 Hz. The resistance value from the EIS recorded before the polarization 
measurements was used for IR correction, as the higher current measurements were carried out 
first and are the most sensitive to changes in resistance (which can occur due to ion cross-over 
or changes to the carbon felt over time).  
Charge / discharge measurements were recorded using the same half-cell set up used for the 
polarization curve measurements. Charge / discharge curves were recorded at 100 mA cm-2, 
with upper and lower voltage cut-off limits of 1.15 V and 0.55 V vs the Ag|AgCl reference 
electrode. The electrical resistance was corrected for post run using the resistance value 
recorded at 0 o phase angle, from EIS measurements made before each charging and 
discharging step.    
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 Results and Discussion 
The electrolyte flowrate is an important parameter for the cell efficiency and power output, as 
a higher flowrate reduces the mass transport overpotential. In this work the polarization curve 
was recorded at a range of flowrates with a GFE felt thermally treated at 300 oC for one hour 
as the working electrode, (Figure 8.2).                         
 
Figure 8.2: a) Polarization curve for different electrolyte flow rates through the felt. b) Apparent rate 
constant calculated form the electrode overpotential.  
In Figure 8.2 a, the polarization curve data demonstrates that increasing the flowrate reduces 
the required overpotential for each current density. Additionally, the overpotential increases 
significantly after around 150 mA cm-2, particularly at the lower flowrates and is likely the 
result of mass transfer resistance. The apparent rate constants calculated form the 
overpotentials are shown in Figure 8.2 b, as expected the calculated apparent rate constants 
decrease above 150 mA cm-2. This is not because the rate constant has changed, but rather the 
concentration of the reactant at the surface begins to reduce, due to mass transport limitations.  
Interestingly the calculated rate constant is larger at the higher flowrates, this could be the result 
of improved wetting of the felt by forcing the electrolyte through at a faster rate. Based on these 
results, 15 mL min-1 was selected as the most suitable flowrate for future measurements, to 
accurately identify differences in kinetics at different felts. 
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Polarization curve measurements were recorded at 15 mL min-1 for untreated and thermally 
treated GFE, G100 and C100 felts, (Figure 8.3). 
 
 
Figure 8.3: Polarization curves for each felt and thermal treatment, recorded in 0.4 M V4+ and 0.4 M 
V5+ dissolved in 3 M H2SO4. a) GFE felt samples, b) G100 felt samples and c) C100 felt samples. 
As expected the thermally treated GFE and G100 felts showed a clear reduction in 
overpotential, consistent with the trend in rate constants calculated in Chapter 7. Little change 
was observed for the thermally treated C100 felts, further supporting the accuracy of the 
apparent rate constants calculated from cyclic voltammetry in Chapter 7.  
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The apparent rate constant for each felt is reported as the average of the apparent rate constants 
calculated from the current densities of 100 mA cm-2 or less, (Figure 8.4). This current density 
range was chosen to reduce the influence of mass transport limitations, which occur at the 
higher current densities.  
  
Figure 8.4: Apparent rate constant comparison between values calculated from cyclic voltammetry and 
polarization curves. a) GFE and C100 felt samples, b) G100 felt samples. Apparent rate constants 
calculated using Equation 2. 
The rate constants calculated from polarization curve data for the GFE and C100 felts, 
thermally treated and untreated are in excellent agreement with the previously reported values 
calculated from cyclic voltammetry reported in Chapter 7. This confirms that the analysis of 
the cyclic voltammetry data using the assumed void distribution modelling was accurate. 
However, there was a noticeable increase in the calculated rate constant for G100 from 
polarization curve measurements relative to those from cyclic voltammetry. G100 clearly had 
much larger peak separation during cyclic voltammetry than the GFE and C100, therefore the 
difference in measurement methods is likely responsible for the different in the recorded 
apparent rate constant. The higher rate constants recorded during polarization curve 
measurements in the half-cell can be explained by improved wetting, which may due to use of 
the peristaltic pump. 
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 Charge / Discharge Measurements 
Charge / discharge measurements were carried out determine if the rate constants calculated 
from cyclic voltammetry and polarization curves accurately reflect the performance of the 
carbon felt when used in a working cell. As previously mentioned the voltage drop from 
electrical resistance was corrected for post run. In a full-cell, the electrical resistance is not 
typically corrected for, as the change in resistance can be due to the conductivity of the felt. 
However, in this half-cell set up changes in resistance are more likely due to changes in solution 
resistance from the distance of the reference electrode to the working electrode. The voltage 
efficiency (VE), coulombic efficiency (CE) and energy efficiency (EE) were calculated using 
Eqs. 2.5-2.7 and are presented, (Table 8.2).  
Table 8.2: Performance characteristics for selected carbon felt samples.  
Felt VE CE EE k0app 
 (%) (%) (%) (cm s-1) 
GFE 81.9 93.8 76.8 1.4 x 10-5 
G100 82.8 97.9 81.1 2.3 x 10-5 
C100 87.1 98.2 85.5 2.2 x 10-5 
GFE Thermal 89.1 98.5 87.7 4.3 x 10-5 
 
As expected based on the rate constant calculated from polarization curve measurements, the 
GFE Control felt sample had the lowest efficiency of the three felts (GFE, C100, G100). Whilst 
the GFE felt sample thermally treated at 600 oC showed a noticeable improvement in 
performance over the untreated felt, increasing energy efficiency from 76.8% to 87.7%.  
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Based on the apparent rate constants the G100 felt should have a slightly higher efficiency than 
the C100 felt. However, the apparent rate constants were calculated from the geometric surface 
area of the different felts, based on the sample weight and average fiber diameter. C100 was 
found to have 25% more area than the G100 felt sample, hence the C100 felt showed higher 
efficiency.  
The calculated efficiency values in this work should not be used to identify full-cell 
performance, as the negative cell is often cited as having slower kinetics and being more prone 
to unwanted side reactions, specifically the hydrogen evolution reaction. Additionally, the 
vanadium electrolyte concentration in this work was 0.8 M, which is half of what would be 
used in an operational battery. Therefore, the overpotentials measured here will be higher than 
in a commercial battery for the positive redox couple.  
The results however do confirm that polarization curve measurements are an accurate way to 
calculate the kinetic performance of different felts. Polarization curve measurements can 
significantly reduce the time needed to analyse the performance of different electrode 
treatments, which will be helpful in future experimentation. Another advantage of polarization 
curve measurements is that they provide a good understanding of when mass transport losses 
become significant during cell operation. Ultimately, polarization curve measurements should 
also be carried out using the negative electrolyte, with comparison to the efficiency of a full-
cell from charge / discharge measurements, to gain a fuller understanding of the VRFB cell 
operation.  
  




Polarization curve and charge / discharge cycling measurements for a range of untreated and 
thermally treated felts were recorded in a half-cell set up. It was found that at low current 
densities, the apparent rate constant for felt samples could be accurately recorded. The apparent 
rate constants calculated from polarization curve measurements were in close agreement to 
those calculated previously from cyclic voltammetry for GFE and C100 felts. The apparent 
rate constants calculated for G100 felt samples from polarization curve measurements were 
significantly higher than what was calculated from cyclic voltammetry. This discrepancy is 
likely due to improved wetting in the half-cell. Charge / discharge cycling measurements were 
carried out to calculate the voltage, coulombic and energy efficiency for the positive VRFB 
reaction. The resulting energy efficiency values were consistent with the apparent rate constant 
values calculated from polarization curve measurements. With the GFE felt thermally treated 
at 600 oC having the highest rate constant of 𝑘𝑎𝑝𝑝
0 = 4.3 x 10−5 cm s-1 and an energy efficiency 





9. Conclusions and Recommendations 
Vanadium redox flow batteries are a viable form of long duration energy storage. However, 
the high capital cost reduces the economic incentive to install large quantities of vanadium 
redox flow batteries. Cost reductions could come from improving the kinetic performance of 
the carbon felt electrodes, typically used in vanadium redox flow battery cell stacks. 
Unfortunately, the quantification of electron transfer kinetics at carbon felt electrodes is 
difficult due to the complex mass transport behaviour within the randomly ordered felt 
electrodes.  
 Experimental conclusions 
In this work we have used cylindrical single carbon fibre electrodes to simplify the geometry, 
enabling accurate calculation of electrode kinetics, by modelling the response of the electrodes 





 redox couple at single carbon fibre electrodes showed that 
there was a distribution of rate constants within the felt. However, the carbon felt electrodes 
are a randomly ordered array of individual carbon fibers, thus in order to model the behaviour 
at a felt electrode the void size distribution of the felt is required. In this work the felt void size 
distribution was characterised by analysing micro-CT images of the felt. When the void size 
distribution and the rate constant distribution were considered together, it was shown that 
accurate simulation of cyclic voltammetry at the carbon felt electrode was possible over a wide 
range of sweep rates. 
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Thermal treatment of four different carbon fibers was carried out to further understand the 




 at the carbon fiber surface. The apparent rate constant 
was calculated for thermally treated and untreated carbon fiber samples, using the previously 
validated methods for the simulation of cyclic voltammetry and electrochemical impedance 
spectroscopy. The capacitance of the carbon fibers was calculated from cyclic voltammetry 
and can be considered a proxy for the electrochemically active surface area. The apparent rate 
constant was found to increase more significantly than the capacitance at three of the four fibers 
tested, whilst the final fiber had only a modest increase in the apparent rate constant. This result 
strongly suggests that the kinetics for the reaction depend on different functional groups at the 
surface, as well as the electrochemically active surface area.  





redox couple, the redox couples of most interest form a commercial perspective are the V2+ / 
V3+ and VO2+ / VO2
+. Cyclic voltammetry of the vanadium redox couples at single fiber 
electrodes is difficult, as the water splitting and hydrogen evolution side reactions will 
complicate the measurement of the voltammograms. However, due to the small voids within 
carbon felt electrodes, the positive redox couple can be analysed through cyclic voltammetry, 
as the reactant concentration in the small voids within the felt depletes quickly, reducing the 
peak potential separation relative to single fiber electrodes. Using the previously calculated 
void size distribution, an apparent rate constant was calculated for felt samples of three 
different carbon felts, thermally treated for 1 hour at 100 oC increments from 200 oC to 700 oC. 
Thermal treatment primarily improved the apparent rate constant at the different carbon felts.  
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 redox couple, the increase in kinetics was not directly 
related to increased capacitance. The change in physical area of the felts at a selected treatment 
temperature was also recorded with BET measurements. It was found that the increase in 
capacitance was broadly related to the increased physical area of the electrodes, however there 
was also a change in the specific capacitance. The specific capacitance for carbon surfaces is 
known to be related to the ratio of basal to edge plane sites. In this work the recorded specific 
capacitances of the different thermally treated felts were within the expected range for carbon 
materials. Raman spectroscopy analysis supported the changes in specific capacitance, with 
the least ordered felt showing the highest change in capacitance, as would be expected. 
Half-cell measurements of the VO2+ / VO2
+ redox couple were recorded using polarization 
curve and charge / discharge curve analysis. The apparent rate constants calculated from the 
overpotential during polarization curve measurements were in close agreement with those 
calculated from the simulation of cyclic voltammetry. This supports the accuracy of using 
cyclic voltammetry to identify the kinetic performance of carbon felts, provided the void 
distribution is accounted for. Charge / discharge measurements confirmed that felts with higher 
apparent rate constants had higher performance, with improved energy efficiency.   
  
9 Conclusions and Recommendations  
126 
 
 Recommendations for Future Work 
The electrochemical performance of single carbon fiber electrodes and carbon felts has been 
accurately analysed using electrochemical impedance spectroscopy, cyclic voltammetry and 




 and VO2+ / VO2
+ redox 
couples. However, this primarily serves as a proof of concept, as the V2+ / V3+ redox reaction 
is considered to be the performance limiting reaction for the vanadium redox flow battery. In 
this work we selected the VO2+ / VO2
+ redox couple to avoid large current contributions from 
side reactions during electrochemical measurements, simplifying the analysis. Future work 
should be focused on applying the analytical methods developed in this work to the V2+ / V3+ 
redox reaction, with attention given to improving the kinetics of the vanadium reaction, whilst 
inhibiting the hydrogen evolution reaction to improve coulombic efficiency. Once this is 
understood, full cell measurements should be recorded using the same procedures as in 
literature, to enable direct comparison of the performance. 
In current literature the importance of different functional groups is often discussed, however 
the identification of the most effective functional groups has likely been held back by the 
difficulties involved in calculating the inherent rate constant. Using the improved 
understanding of the inherent kinetics developed in this work, it should be possible to identify 
with greater confidence the contribution to battery performance from electrode wettability, 
surface roughness, inherent kinetics and conductivity. If this is achieved, more targeted 
electrode modifications can be designed, with the aim of improving the energy efficiency of 
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